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CHAPTER I
THE METHOD OF MEASUREMENT OF THE MAGNETIC SUSCEPTIBILITY 
OF A SMALL NUMBER OF PARAMAGNETIC IONS
1 . In tro d u c tio n ,
There a re  severa l methods which can be employed to  determ ine 
th e  m agnetic s u s c e p t ib i l i ty  o f param agnetic s a l t s . ^  The measure­
ments f o r  th i s  th e s is  have been made using  the  A lte rn a tin g  C urrent 
Induction  Method s in c e  th is  method a ffo rd s  h igh  s e n s i t i v i t y  w ith  a 
sm all m easuring f i e l d  and r a p id i ty  of measurement. An extrem ely 
convenient b rid g e  f o r  th i s  method i s  the  s o -c a l le d  H artshorn Mutual 
Inductance Bridge and, inasmuch as th i s  b rid g e  i s  th e  p ro to ty p e  of 
a  b rid g e  developed in  th i s  t h e s i s ,  a schem atic drawing of i t  appears 
on th e  fo llo w in g  page.
With th e  H artshorn Bridge of F igure 1 th e  a s t a t i c  arrangem ent 
of the  secondary c i r c u i t  c o i ls  reduces m agnetic pickup to  a minimum 
and s in c e , f o r  b a la n c e , th e  b rid g e  employs a n u l l  d e te c tio n  scheme 
th e  im portance of such an arrangem ent cannot be overem phasized. In  
th e  absence of the param agnetic s a l t ,  S , from the  c ry o s ta t  c o i ls  an 
uniform  f i e l d ,  HQco s(w t) , of low frequency , passes through the  
secondary c o i ls  and th e  measured mutual inductance i s  a minimum. 
In tro d u c tio n  of th e  s a l t ,  S , having s u s c e p t ib i l i t y  CCS in to  the  c o i ls
See H. B. G. Casmir, Magnetism and Very Low Tempera­
tu r e s . Cambridge, 19^0.
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3produces a change in  the measured m utual inductance . F u r th e r , i f  
lo ss  occurs in  the s a l t  the measured change in  mutual inductance 
w i l l  be a complex q u a n ti ty , i . e . ,  -  Si.:1 -  j #
We n ex t s e t  down the  b rid g e  n u l l  balance co n d itio n s  under the 
assum ption th a t  the  s tan d a rd  c o i l s ,  L''s , have only a co n s ta n t im p u rity . 
The n o ta tio n  w ith  a "oM s u b sc r ip t  re p re se n ts  the b a lan ce  obtained 
w ith  an "anpty" c ry o s ta t  c o i l  and, of co u rse , the absence of th is  
s u b s c r ip t  r e fe r s  to  the measurement made w ith  s a l t  S, i . e . ,
SM 5 i: -  i i0 » (k« -  jm») -  t t v  -  s s::> -  j  W "
6MS = Es -  ;.!so = (Lis' -  jlv's” ) -  (-" s 0 ' -  jMso” ) = *MS • -  j  *Ms" 
At n u l l  b a lan ce  c u r re n t ,  i ,  flows in  the prim ary c i r c u i t  b u t the 
c u r re n t in  the  secondary c i r c u i t  i s  zero excep t where the two c i r c u i t s  
a re  common. The v o lta g e  drops around the  secondary sum to  zero fo r  
the  two balances which a re  made w ith o u t s a l t  S and w ith  s a l t  S and 
we have, re sp e c tiv e ly ,
(jwM0 ) i  -  ( jWi,lS0) i  -  K^i = 0 ( l )
and
[jw(K0 + SM)] i  -  [jw(Mso + Si's )] i  -  [ r 0 + S r ] i  = o (2) 
Upon s u b tra c tin g  Equation 1 from Equation 2, d iv id in g  through by i ,  
and se p a ra tin g  r e a l  and im aginary p a r ts  we f in d  
SMs = SE'
(3)
= £1.1"
■While th e re  i s  no d i f f i c u l ty  in  m easuring a m utual inductance 
change produced e i th e r  by in tro d u c in g  a s a l t ,  S, in to  th e  c ry o s ta t  
c o i ls  o r by an a c tu a l  change in  th e  s a l t  s u s c e p t ib i l i ty ,  the problem 
of r e la t in g  the s u s c e p t ib i l i t y  to  the  m utual inductance increm ent
i s  u s u a lly  p ro h ib i t iv e ly  d i f f i c u l t  u n less  v e ry  s p e c ia l  cases a re  
considered  and we must alm ost always r e s o r t  to  approxim ations. In 
the rem ainder o f th is  in tro d u c to ry  s e c tio n  we w i l l  d iscu ss  m utual 
in d u e ta n c e -s u s c e p tib il i ty  re la t io n s h ip s  and approxim ations used.
Ihe c ry o s ta t  prim ary c o i l  i s  a long so len o id  of c i r c u la r  c ross 
s e c t io n , tu rn  d e n s ity  np and very  sm all p i tc h  which produces a u n i­
form magnetic f i e ld  H0 along the symmetry o r Z-axis of th e  so len o id . 
I f ,  th en , the prim ary c u r re n t i s  i ,  the m agnitude of th is  uniform  
f i e ld  in s id e  the so len o id  is  given by
hd = hiLi}p i  cu)
10
Ihe c ry o s ta t  secondary c o i ls  a re  s im i la r  ex cep t th a t  s e v e ra l 
a s ta t i c  s e c tio n s  of tu rn  d e n s ity  ns a re  used so th a t  the m utual in ­
ductance i n i t i a l l y  i s  alm ost zero when they  a re  sym m etrically  p laced  
in s id e  the prim ary c o i l s .  7/hen a param agnetic s a l t  i s  in troduced  
in to  the c o i l  system i t  is  p laced  in s id e  of and a t  th e  c e n te r  of one 
of th e  a s t a t i c  s e c tio n s .
Ihe in tro d u c tio n  of a param agnetic s a l t ,  S, w ith  e .g . s .  suscep­
t i b i l i t y  0C } volume V and su rfac e  S in to  the uniform  m agnetic f i e ld  
H^, d escrib ed  above, produces a m agnetic p o la r iz a t io n  o r m agnetiza­
tio n  M (x , y , z) of the s a l t .  (So th a t  no confusion e x is ts  between 
the symbol M f o r  mutual inductance and the  m ag n e tiza tio n , M, we w i l l  
always show the l a t t e r  u n d erlin ed  in  v e c to r  n o ta t io n .)  In g en era l 
K = X -  H where X  i s  the  s u s c e p t ib i l i ty  te n so r  and H i s  the i n t e r ­
n a l  macroscopic m agnetic f i e ld .  Ihe m agnetized s a l t  gives r i s e  to
an "induced” m agnetic f i e ld  o r m agnetiza tion  f i e l d ,  H^, which can be
Oc a lc u la te d  as fo llo w sc
Sm = -V fm
ifm(W ) = / / /  + / /  (5)
V r S r
r  = J ( ’ ) - + ( y - y ') 2 + ( z - z 1)2
Under, the assum ption th a t  the s a l t  has an is o tro p ic  s u s c e p ti­
b i l i t y  and a geometry i s  chosen so th a t  a uniform  m agnetiza tion  M
is  produced in  the  H0 d i r e c t io n ,  Equation 5 reduces to
f m(x ,y ,z )  = X H / /  (6)
s r
In s id e  th e  s a l t  th e  f i e ld s  a re  uniform  and in  the z -d ire c t io n  so th a t  
H = H0 t  Hjh = K0 -  K(JtTH) (?)
where N is  c a l le d  the d e p o la r iz in g  f a c to r  o r dem agnetization  c o e f f i ­
c ie n t  and is  a co n stan t th a t  can be c a lc u la te d  by Equation (6) w ith  
( x ,y ,z )  taken in s id e  th e  body of su rfa c e  S. The f i e l d  o u ts id e  the 
uniform ly m agnetized s a l t  i s  a lso  given by (H0 + Hm) where, of co u rse , 
Equation (6) i s  ev a lua ted  w ith  ( x ,y ,z )  o u ts id e  the su rfa c e . The 
change in  m agnetic in d u c tio n  B, a s so c ia te d  w ith  the in tro d u c tio n  of
a param agnetic s a l t  S, i s  given in  the z -d ire c t io n  by
In s id e  s a l t :  ( SBtm) v = —  ■ ~1’* 0CHn--------------------------A - , ' Z  l 4 W X  0
2 See Chapters I I I  and IV, J .  A. S t r a t to n ,  E lectrom agnetic  
Theory. McGraw-Hill, 19U1.
O utside s a l t : ( SBqut^z t)(/>m _ _ OSHp ^ S)z “ ” 1+N3C 6z
—  f f  - z '* d- '  (8) J J
Ihe secondary c o i ls  may be rep re sen ted  as a s e r ie s  of c i r c u la r  e le ­
ments ly in g  in  z -p lanes w ith  a d e n s ity  ns in  the z -d ire c t io n . Sym­
b o l ic a l ly ,  th en , the change of f lu x  th read in g  the secondary c o i ls  i s
and the mutual inductance change i s  r e la te d  to  the t o t a l  f lu x  change
By using  Equations 6 through 10 the  re la t io n s h ip  between the m utual 
inductance change and th e  s u s c e p t ib i l i ty  of th e  s a l t  can be d e te r ­
mined.
I t  should be mentioned th a t  the previous d iscu ss io n  invo lv ing  
Equations 5 through 10 i s  m erely a form alism  inasmuch as i t  would 
be necessary  to  so lve  the  boundary value  problem to  determ ine the 
m agn etiza tio n ; however, we w i l l  soon use th is  work to  e s ta b lis h  an 
approxim ation. Before doing th a t  l e t  us c i t e  the r e s u l t  of app ly ing  
the above reason ing  to  an is o tro p ic  sphere p laced  a t  the  c e n te r  of 
one of the  secondary so le n o id a l a s ta t i c  s e c tio n s :
&$= / / /  ns [ (  SBBt ) z + ( SBqtjiOzI dxdydz ( 9 )
by
10-8 l i _  w ith  H = i-'1T nPi
i  ° 10
(10)
14\tt/3)X
Aq h (Inr )2 npns x 10"9 (11)
1 Z  SI ( Z 2 ) j r
_ z  = ( z i )k
where the summation i s  over the  k secondary c o i l s ,  th e  terms (z^ )^  
and (z2 )k a re  the u su a l in te g ra tio n  l im its  deno ting  the ends of a 
c o i l  s e c tio n  w ith  re sp e c t  to  the sphere c e n te r  and ns i s  taken p lus 
and minus f o r  opposing d ire c tio n s  of c o i l  w inding. The s t ip u la t io n  
th a t  th e  sphere be p laced  a t  the c e n te r  of a secondary s e c tio n  w i l l  
make ev a lu a tio n  of the c o n s ta n t aD sim ple b u t Equation 11 holds fo r  
the sphere c e n te r  anywhere along th e  c o i l  z - a x is .  The so le n o id a l 
secondary rad iu s  i s ,  of co u rse , denoted here  by r .  I t  should be 
no ted  th a t  f o r  long secondary se c tio n s  w ith  the  sphere a t  the c e n te r  
o f a s e c tio n  th a t  a0—> 1 , th a t  a0 depends only on c o i l  geometry and 
lo c a tio n  of the sp h e re , and th a t  A0 depends only on the tu rn  d e n s ity  
of prim ary and secondary c o i l s .
Now co n sid e r the r e s u l t  of assuming th a t  a body of a r b i t r a r y  
shape i s  p laced  w ith in  a secondary c o i l  s e c tio n , th a t  the demagne­
t iz a t io n  f i e ld  can be ig n o red , i . e . ,  Hm = 0 , and th a t  the m agnetiza­
tio n  i s  uniform in  the z -d ire c t io n . This leads to
$Z = A0 Xo V w ith  X 0 s  i/Mo (12)
The s u s c e p t ib i l i ty  X 0 would a c tu a lly  be equal to the e .g . s .  u n i t  X  
fo r  tire case of i n f i n i t e l y  long c o ils  and an in f i n i t e  s a l t  c y lin d e r . 
Next n o tic e  th a t  we can express X 0 in  terms of X  f o r  a uniform ly 
m agnetized body by use of Equation 7 as
a 0 = L  = i L = a —  -  ( 1 3 )
H0 H K0 H0 1-tfIJC
I t  i s  u se fu l to  take  the case of a sphere where N -  l4.Tr/3  and compare 
Equation 12, a f t e r  s u b s t i tu t io n  of Equation 13 in to  Equation 12, w ith  
Equation 11; the only d iffe re n c e  i s  the appearance of the  f a c to r  a 0 ,
8t h a t  i s ,
By Equations 13 and 12:
By Equation 11:
Since th e  r e la t io n s h ip  of m utual inductance to  s u s c e p t ib i l i ty  
i s  h o p e le ss ly  complex in  ex ac t s o lu tio n  f o r  s l ig h t ly  a n iso tro p ic  
s a l t s  and geom etries which do n o t produce a uniform  m ag n e tiza tio n , 
we extend by d e f in i t io n  th e  r e la t io n s h ip
to  be a reasonab le  approxim ation in  th ese  d i f f i c u l t  cases and i t  i s  
an e x a c t r e la t io n s h ip  f o r  the is o tro p ic  sp h ere . For uniform  magne­
t iz a t io n  the  r e la t io n s h ip  between OC and 0Co can be c a lc u la te d  by 
Equations 6 and 7. For i r r e g u la r  geom etries we can approxim ate the
and apply ing  Equations 6 and 7 w ith  the ev a lu a tio n  of N made f o r  the  
p o in t (0 ,0 ,0 )  a t  th e  g eom etrica l c e n te r  of the  i r r e g u la r  body. These 
methods w hile  q u estio n ab le  a re  f a i r l y  good approxim ations f o r  sm all
p h y s ic is ts  in v e s t ig a t in g  param agnetic s u s c e p t ib i l i t i e s  a t  very  low 
tem p era tu res .
We a lso  accep t th e  s o -c a l le d  Lorentz f i e l d  c o rre c tio n  as being  
a reasonab le  approxim ation f o r  the  in te rn a l  f i e l d  Hj_ a t  an io n ic  
s i t e  and have
Sl'i s  Aq JC0 V 2 A X q ^ (1U)
re la t io n s h ip  between X  and 3^ by assuming a uniform  m agnetization
s u s c e p t i b i l i t i e s ,  i . e . ,  I X l ^  I , and a re  in  accepted usage among
^ x
i + v #  s i ^ / f $ o x 0
(15)
In  view  of Equation 15 i t  i s  only  reasonable  to  expect th a t  C u rie ’s 
Law should  only hold  f o r  a s p h e r ic a l  s a l t  and th a t  the  law should 
be X ±  = 0Co = c /T .
2. Problems Encountered in  M easuring 0Cn f o r  a Small Number of 
Param agnetic Io n s .
Ttfe a re  s p e c i f ic a l ly  in te re s te d  in  th e  tem perature dependence of 
the s u s c e p t ib i l i t y  below it°K and, hence, a re  in te re s te d  in  m easuring 
Sl'-I'(T). In view of Equations 10 and 11, i f  we a ttem p t th is  measure­
ment fo r  e i t h e r  a sm all number of ions o r a sm all s u s c e p t ib i l i ty  we 
must n e c e s s a r i ly  use a la rg e  number o f prim ary and secondary tu rn s  
in  the c r y o s ta t  c o i ls  s in ce  th e  b rid g e  s e n s i t i v i t y  w i l l  be l im ite d  
by the s ig n a l- to -n o is e  r a t i o .  C e rta in ly  then th e re  e x is ts  th e  p o s s i­
b i l i t y  th a t  c a p a c itiv e  coupling  may become im portan t even a.t low 
audio fre q u e n c ie s .
B utterw orth  and Hartshorn"^ have in v e s tig a te d  the e f f e c ts  of 
c a p a c itiv e  coupling  f o r  mutual inductances w ith  a common prim ary- 
secondary end p o in t .  B utterw orth  has shown th a t  such a mutual induc­
tance may be rep re sen ted  as in  F igure  2 , and th a t  when cap ac ity  
e f f e c ts  a re  co m p aritiv e ly  sm all, i . e . ,  wC^< -VwL]_, e t c . ,  the in d u c to r  
has an ap p aren t m utual inductance Ma which i s  as fo llo w s: 
jwMa = (T + jwli'
If* = I,It  + C12B1R2 + w2 [(CgLq + C2L2)LIt “ C12(L1 “ - t ) ( L2 “ I:t ) ]
= Vf2 £ ( c1r1 + c2e2)1H  " c12 ifRl ( L2 “ - t )  + r2^l 1 “ llt ^ J
3 H artshorn , Proc. Roy. Soc. 38, 302 (1925).
1 0
G\
G E O M E T R I C A L  M U T U A L  
I N D U C T A N C E  WHICH IS 
TA K E N  P O S I T I V E  FOR  
C U R R E N T  FLOW IN
R E S P E C T IV E L Y .
W H E R E  M a  IS A C OM PLEX  
Q U A N T IT Y  C A L L E D  T H E  
A P P A R E N T  M U T U A L  
I N D U C T A N C E .
A M U T U A L  I N D U C T A N C E  WITH C O M M O N  P O I N T  A 
A N D  C A P A C I T I V E  C O U P L I N G
FIG. 2
11
I f  Equation 16 i s  ap p lied  to  the H artshorn Bridge o f F igure 1 the 
ba lance  co n d itio n s  become, w ith  = K -  Ms
ir* = o
T  + r  = 0
S ince, in  g e n e ra l, the c i r c u i t  impedances a re  fu n c tio n s  of both  M 
and Ms i t  would be d i f f i c u l t  to  r e la te  the s u s c e p t ib i l i ty  0Co(T) to 
stan d ard  in d u c to r  values l;'s .
In  o rder to  g e t around th is  d i f f i c u l ty  l e t  us suppose th a t  the 
stan d ard  in d u c to r l.ts can be rep laced  by a co n s tan t impedance s ig n a l  
g en e ra to r which can in tro d u ce  a s ig n a l -jwM^i in  the secondary c i r ­
c u i t .  V/e then can s e t  li-t => II -  Mk where M i s  the  mutual inductance 
of the c ry o s ta t  c o i ls  which i s  p ro p o rtio n a l to  0Co and Mjc i s  an 
in d u c to r which may be in s e r te d  in  s e r ie s  w ith  the  c ry o s ta t  c o i l s .
Mk 1(7111 always remain s e t  a t  a f ix e d  va lue  during  an experim ent and 
i t s  purpose w i l l  be  seen l a t e r .  Let the c i r c u i t  s e l f  inductances 
be L-]_q  and L20 when II = 0; as I.i v a r ie s ,  th e  change in  L]_ and L2 w i l l  
be p ro p o rtio n a l to  I! on ly . The common re s is ta n c e  r  of the prim ary 
and secondary c i r c u i t s  can be arranged  such th a t  only in f in i te s im a l  
changes occur in  Rj and R2 ; i f  th e  c ry o s ta t  c o i ls  a re  in  a l iq u id  
helium  b a th  th e i r  re s is ta n c e  changes w i l l  be n e g lig ib le .
I f  Equation 16 i s  su b jec ted  to  the co n d itio n s  of the p reced ing  
paragraph where s p e c i f ic a l ly  
Mt  =  1: -  : . . k
L1 = L10 e l Iv:
12 = + e 2i: 
we f in d
12
M* = <*.*' + fl*!! + #*M2
1 (17)
-  ol + (3M
w ith
<**' = C12r 1 r2 " I;1k “ w2[ cl% L10+c2KkL20-*-c 1 2 (L10L20+MkL10-*"!,1kL20+I%2 )J  
(3 *  =  1  +  w 2 j^ C1 {L 1 0 -»-e1 l% J+C 2 jL 2 o + e 2ril ^ + c 1 2 f * 1k ( 2 + e l + e 2 ) 4’( 1 “ 0l ) L2O
+(1-62 )L10] J  
= w2 £ c 1e 1 + c262 + C12(€ 1+£2- € 1€ 2- l ) J  
oL = -w2 [C^.^% + C2I:IkP.2 + C12 j  Rql^o + R2L].o + IJk( %+%)] J 
= w2 j^ CiP-i + C2E2 - C]_2 £ R]_(62- l)  + R2(el “l) ]  J
By p ro p er, and u su a l, c ry o s ta t  c o i l  c o n s tru c tio n  | I . i | « |  and 
#*"< (3':' whence to  very  good approxim ation th e  above equations are  
l in e a r  in  M w ith  c o n s ta n t c o e f f ic ie n ts ,  °£ , e tc .  The n ex t se c tio n  
d ea ls  w ith  such a b ridge arrangem ent as d escrib ed  above.
3. An E le c tro n ic  Type H artshorn m utual Inductance B rid g e .
In an a ttem p t to  m aintain  co n s tan t c i r c u i t  impedances as men­
tio n ed  in  tire previous s e c tio n  we have developed an E le c tro n ic  iype 
H artshorn B ridge. A s im p lif ie d  schem atic drawing of th is  b rid g e  
appears in  F igure 3 . Although n o t in d ic a te d  by the drawing a l l  
tran sfo rm ers  in  th e  secondary c i r c u i t  a re  a s t a t i c a l l y  wound so th a t  
e x te rn a l  magnetic pickup i s  a minimum. 3;I0 i s  a mutual inductance 
v a rio m e te r which can be p re s e t  a t  the  maximum l iq u id  helium  tem pera­
tu re  so th a t  th e  c o e f f ic ie n t  ot'f of Equation 17 i s  v ery  sm all. Sub­
sequent v o ltag es  induced in  the secondary c i r c u i t  by changes in  the  
s a l t  s u s c e p t ib i l i ty  a re  balanced  by changing the am plitude of the 
a l te r n a t in g  c u r re n t ,  ip ,  through the  f ix e d  in d u c to r m in  the  a r t i f i c i a l
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prim ary c i r c u i t .  The f ix e d  in d u c to r  m can he c o n s tru c ted  w ith  n e g l i ­
g ib le  im purity  (values o f the o rd e r o f 5 to  50 m illih en ry s  have been 
used) and c a p a c itiv e  coupling e f fe c ts  between the  a r t i f i c i a l  prim ary 
c i r c u i t  and the o th e r  c i r c u i t s  can be made n e g lig ib le  w ith  only rou­
tin e  sh ie ld in g  p rec au tio n s .
In the a r t i f i c i a l  prim ary c i r c u i t  of F igure 3 , the t r io d e  p la te  
re s is ta n c e  i s  very  la rg e  in  comparison w ith  the c i r c u i t  reac tan ce  
and the  a l te r n a t in g  c u r re n t ip  i s  180° ou t of phase w ith  th e  ap p lied  
s ig n a l  v o ltag e  vs . I f  the tr io d e  transconductance i s  g then
But s in c e  the  s ig n a l v o lta g e , vs , i s  the v o lta g e  drop acro ss  the 
re s is ta n c e  le s s  the d ro p  acro ss  th e  b ia s  r e s i s to r  Rg, Equation 
18 can be re w ritte n  as
where G is  the e f fe c t iv e  transconductance. By means of a checking 
c i r c u i t  n o t shown in  F igure 3 , the v a lu e  G may be m aintained c o n s ta n t. 
The mutual inductance m then induces a s ig n a l  in to  the secondary c i r ­
c u i t  which i s  given by , using  Equation 19,
Tire re s is ta n c e  network r]_, V2 , and R has an eq u iv a len t r e s is ta n c e  
Re such th a t  i t  in tro d u ces  a s ig n a l  -Rgi in to  'the secondary c i r c u i t .
As d iscu ssed  in  S ection  2 of th i s  ch ap te r th e  v o lta g e s  vm and 
-R ei cancel the vo ltag e  in troduced  by the ap p aren t m utual inductance 
Ma a t  n u l l  ba lance of the secondary c i r c u i t  whence
g^s = - i p ( 18)
(19)
( 20 )
vra -iR e + jwMai  = 0 ( 21 )
Then by Equation 17 and th e  argument im m ediately fo llow ing  th a t  equa­
tio n  r e la t iv e  to  y'::' w herein we rep lace  i.I by Mx and LI^  by l 'Q in  
accordance w ith  the symbolism of F igure 3 we f in d  th a t  Equation 21 
reduces to
[\omG] = oC + (3%x
1 ( 2 2 )
Re -  cl + (3- ‘X
However, in  Equation 22 we have only considered  the  c ry o s ta t  c o i l  
g eom etrical inductance as a r e a l  q u a n tity . I f  th e re  a re  eddy c u rre n ts  
in  the  c o i l  surroundings which we re p re se n t by 07? and i f ,  in  ad d i­
t io n ,  th e re  i s  lo ss  in  th e  param agnetic s a l t  S, then the v a lu e  M must 
be rep laced  by (LI ' -  S ' '*) -  j  in  Equation 17 and a f u r th e rA Tff
se p a ra tio n  of r e a l  and im aginary p a r ts  e f fe c te d . This leads to
[/°m G] « < * * -  i% 2 ]  (TE) + ( i % ’ -  (<?w)i;x "
Re = (ot + p * ^ )  + w (3 % '«  + f V  
o r (23)
M i = ----- @1----  [  (p  mG) -  oc* -  — (L . {Rq - ° C ) }
p 2 h ( /3/w)2 {  r  p w  J
V  =--------- (£- - J O W )  _ _ /3_  r  ( mG) _ - £ e
/3 ':'2 + ( ft/w )2 I w /3 ‘^w I J  w
TTe c e r ta in ly  do n o t a n t ic ip a te  a s i tu a t io n  in  which I ^ 1 could  have 
a se rio u s  fu n c tio n a l dependence on Eg inasmuch as the Re term i s  p re ­
ceded by , indeed a v e ry  sm all v a lu e , and u n less  extrem ely la rg e
v a r ia t io n s  in  Eg occur we w i l l  accep t Equation 22. A sm all v a r ia t io n  
in  R@ w i l l  be n ecessary  f o r  balance because of the more se rio u s  
dependence of R on :.'x in  Equation 22; th is  means no measurement of
i.Ix" i s  p o ss ib le  u n less  c a p a c itiv e  coupling  is  extrem ely sm all and
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c o i l  r e s is ta n c e  i s  a lso  sm all which is  n o t th e  case  f o r  measurement 
of sm all m agnetic moments.
In  the fo llo w in g  work we w i l l  use Equation 22 to  r e la te  th e
v a r ia t io n s  in  Re occur during  s u s c e p t ib i l i ty  m easurem ents. No o th e r  
s ig n if ic a n c e  w i l l  be a ttach ed  to  the v a lu e  of Eg f o r  b rid g e  b a lan ce . 
Combining Equations lij and 22 we have
A D eta iled  D esc rip tio n  of the E le c tro n ic  Type H artshorn Bridge 
and A ssociated  Equipment, 
a . In tro d u c tio n .
This s e c tio n  p re sen ts  in  d e t a i l  the  b rid g e  a c tu a l ly  used f o r  
s u s c e p t ib i l i ty  measurements in  th is  th e s is  and w i l l  a ls o  serve  to  ac­
q u a in t o th ers  d es iro u s  of u sing  th e  equipment w ith  the  o p e ra tio n a l 
procedure.
F igure h i s  a schem atic and b lock  diagram of th e  e n t i r e  b rid g e  
c i r c u i t  and Table I  l i s t s  the component v a lu es f o r  the f ig u re .  F igu re  
5 i s  a- schem atic diagram of the  p re a m p lif ie r  shown in  b lock form in  
F igure h and Table I I  l i s t s  i t s  component v a lu e s . S im ila r ly  F igure  6 
and Table I I I  d e sc rib e  the D. C. Power Supply f o r  the  a r t i f i c i a l  p r i ­
mary c i r c u i t .
With re fe ren c e  to  F igure U a l l  components except the c ry o s ta t  
c o i ls  liXj the a r t i f i c i a l  prim ary c i r c u i t  tran sfo rm er m, the  m eter 
M. A ., the  D. C. Power Supply, Tuned A m plifie r, and O scillo scope  a re  
con ta ined  in  a re la y  rack . Photographs of the  v a rio u s  b rid g e  elem ents 
a re  inc luded  a f t e r  the above f ig u r e s .
m utual in d uctance , I.IX, to the  b rid g e  param eter r /°  mG ]  u n less  la rg e
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TABLE I
Component L is t  For The E le c tro n ic  Type H artshorn  Mutual
Inductance Bridge Of F igure It
Block Form Components
S ig n a l G enerator =
Tuned A m plifier -  
O scillo scope =
P re a m p lif ie r  =
D. C. Supply =
Low Pass F i l t e r  = 
Mo =
Mx
m =
XPx =
II.A.
Ms
G eneral Radio Low D is to r tio n  O s c i l la to r ,  Type 
1301-A
General Radio Sound A nalyzer, Type 760-A 
Dumont O sc illo sco p e , Type 30lj-H 
See F igure  V f o r  d e t a i l  schem atic drawing 
See F igure VI f o r  d e ta i l  schem atic drawing 
U.T.C. LML-200. Cutoff frequency i s  200 cps 
See S ection  kg of Chapter I  
See S ection  Ug of Chapter I  and S ection  5 of 
Chapter I I  
See S ec tio n  Ug of Chapter I 
D. C. M illiam e te r , 0-5 ma.
A. C. r .iillia m e te r, 0-10 ma.
D. C. I .I illia m e te r , 0-5 ma.
See S ection  Ug of Chapter I
Transformers
11 = U.T.C. High Level H atching T ran sfo m er IS-33 
T2 = U.T.C. Audio Transform er LS-12X
B a tte r ie s
B]_, B2 = Burgess 5308 k5 v o l t  "B” b a t te r ie s
X lj %2 = See F igure 5 f o r  f ila m e n t supply connections
Vacuum Tube
V], = Triode 12 A Y 7
Condensor
Ci = 8yu f  Dry E le c tr o ly t ic  C apacito r
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TABLE I  (CONTINUED)
R esis to rs
r 0 ' = H elip o t R e s is to r  A-10000, 0.1% L in e a r i ty . (10 tu rn  
Duodial included) 
r^  = 10 ohm w/w I.R .C . P rec is io n  R e s is to r  0 . 1/3 accuracy .
r 2 = 10 ohm yt/w I.R .C . P re c is io n  R es is to r  0 .1 'j accuracy.
Ro s 90 KIL w/w I.R .C . P rec is io n  R es is to r
Ra = 0-100-0- Decade R e s is to r . General Radio I^pe GR 510-C
Rb = 0-10SL Decade R e s is to r . G eneral Radio T^pe GR 510-B
R]_ = 0 - l.n . Decade R e s is to r . G eneral Radio Type GR 510-A
R§ r  H elipo t R es is to r A-5000, 0.1;$ L in e a r i ty . (10 tu rn
Duodial included)
R3 = H elipo t R e s is to r  A-10000, 0.1?$ L in e a r ity . (10 tu rn
Duodial included)
Rj^  = 200-n. , \  w. Carbon R e s is to r
= 200JL , w. Carbon R es is to r 
^BIAS = H elip o t R e s is to r  A-1000, 0 .1$  L in e a r ity . (10 tu rn  
Duodial included)
R6 = 600-TL , 1 w. Carbon R e s is to r
Switches
S0 = M allory Rotary S e le c to r  Switch
S i through S]_o = D.P.D.T. Toggle Switches
Connectors
A]_ through Aq = Amphenol 2 and 3 p in  connectors f o r  tw isted  p a i r
sh ie ld ed  c ab le .
JP1-2 = Jones Plug #1, Pin 2
JP1-3,U • = Jones Plug #1, Pins 3 and k
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TABLE I I
Component L is t  For P rea m p lif ie r  of F igure 5
Vacuum Tubes Trans form er
V2 = 12 AY 7 T2 = Audio Transform er. U.T.C. LS-12X
V3 = 12 AT 7
Vi, = 12 AT 7
B a tte r ie s
B3 = = 1-| v . Bias B a tte ry
B^, B^, B£ = 90 v . Each u n i t  c o n s is ts  of two Burgess 5308
US v . "B" b a t t e r i e s .
By = 6 v . This u n i t  c o n s is ts  of th re e  2 v o l t  s to ra g e
c e l l s .
R es is to rs
R7 > R8 > r 10> r 11 = KIL w/w Ohmite R e s is to rs
r12> r 15 = 0.22 Carbon R es is to rs
r13 j rT)| = 200-SA. Carbon R es is to rs
Rl6 = 250-TL w/w R es is to r
R17 = U000-CL w/w R es is to r
R]_g = 0 .22 P_fL Carbon R es is to r
PA-1 = 10 K S l  w / w  P oten tiom eter
PA-2 = 100 K_fL w/w P o ten tiom eter
PA-3 = 10 KJTL. w/w P o ten tiom eter
Condensors Connectors
02j C  ^ = .0 2 ju.£ . A  ^ = Amphenol Connector f o r  tw is te d
C3 -  .05 u  f .  p a i r  sh ie ld ed  cab le
C5 = . 5 / t f .  JP l-k  = Jones Plug #1, Pin #k
C7 , Cq = 2 5 0 / i f .  JP2-k = Jones Plug #2, Pin #k
C9 = .O lyitf.
Sw itch
Power Switch = D.P.D.T. Toggle Switch
F fG . 6
D C. P O W E R  S U P P L Y
S C H E M A T I C  D I A G R A M
TABLE I I I
Component L is t  For D. C. Power Supply Of F igure  6
R e s is to rs
R]_ = 5 K.TL "Dividohm,, 25 w.
R2  = 1 .5  KIL , 1 0  w.
R3  -  56 K SL
Ril = 100 K_fL P oten tiom eter
R5  -  .22 I'.I-fL
R6  b 2 2  KJn.
R7  = 1 L! SL
RQ = 1 2 . 5  KlL , 1 0  w.
R9  = 10 KfL , 2 w.
Rq = 100 KlL P o ten tiom eter
Rp = 1 KJL R heostat
Vacuum Tubes
V1 -  5 x 1;G 
V2  = 6  AS 7 
Vo = 6  SJ 7 
\  -  VR-105 
V5  = ^  of 6  AS 7
Condensors
C][ = l 6 ^ t f ,  e le c t r o ly t ic  
C2  = 1 6  ^ t . f ,  e le c t r o ly t ic  
C3  = 16y ^ f ,  e le c t r o ly t i c
Chokes
Lp = 8  h . ,  250 ma. 
L2  = 8  h . ,  2 5 0  ma.
Switches
Sp = D.P.D.T. Power Switch 
Sy = S .P .D .T . High. V oltage 
Switch
Power Output
A = Female Amphenol Connector
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PHOTOGRAPH I .  THE ELECTRONIC T Y P E  HARTSHORN
BRIDGE
25
POWER
S W I T C H
E LECTRONIC TYPE 
HARTSHORN MUTUAL 
INDUCTANCE BRIDGE
PHOTOGRAPH I I .  CONTROL PANEL FOR ELECTRONIC
TYPE  HARTSHORN BRIDGE
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A ll m anually operated  co n tro ls  a re  lab e led  in  accordance w ith  
th e  scheme of F igures U, 5 , and 6 and th e i r  p o s itio n in g  e i th e r  c o r re ­
sponds to  th e  n o ta tio n  U, D, L and R meaning, r e s p e c tiv e ly , up, down, 
l e f t ,  and r ig h t  o r i s  obviously  c le a r  upon o b se rv a tio n .
b . The e f fe c t iv e  ^0 -v a lu e  f o r  tlie r e s is ta n c e  network p rov id ing  an 
in p u t v o ltag e  s ig n a l  i/O f o r  fee a r t i f i c i a l  prim ary c i r c u i t .
Ihe sw itch in  e i th e r  the  a or b p o s itio n  s e le c ts  r e sp e c tiv e ly
e i th e r  the tap  of decade r e s i s to r s  Ra o r the r e s is ta n c e  R read
from the  s e le c to r  d i a l  of e i th e r  Ra o r i s  the r e s is ta n c e  between
the s e le c te d  decade r e s i s to r  tap  and ground s in ce  the  s e le c to r  ro tc ry
sw itch  of Ra has been so p o s itio n e d .
The sw itch  SG has p o s it io n s  1 and 1/10 which correspond to  the
values of the q u a n tity  —  = 1 and _r ° = l / lO .
i 'o+ ro  ip + i’o
We see then th a t  the value  of the of Equations 23 and 2i|. i s
p  = ----------------  = S0R l  [ -------^ t t - 1  (25)
/  R + R0 4- r 0 r G |_1 + S0( ^ )  J
J*
The value ( r^ )  i s  read  d i r e c t ly  from the d u o -a ia l of the H elipo t
R e s is to r  marked r  in  thousandths of a u n i t ;  th a t  is  to sa y , when the
d ia l  in d ic a te s  1000, —  = 1. The maximum re s is ta n c e  of the H elip o txo
r e s i s to r  i s  r 0 = 10,000 ohms. The value  of fee b rack e ted  q u an tity  
in  Equation 23 i s  v e ry  n e a r ly  u n ity ,  i t s  sm a lle s t value  being  0 .9 9 , 
and may b e  d isreg ard ed  un less  high accuracy is  d e s ire d .
c . The value  of R^ f o r  the r e s is ta n c e  network which in tro d u ces  a 
v o ltag e  iRg in to  the  secondary c i r c u i t .
The re s is ta n c e  network which provides the secondary c i r c u i t  s ig ­
n a l  component f o r  ba lan c in g  o u t the  c i r c u i t  lo ss  component has an
e f fe c t iv e  va lue
rir2R2R R +      ( 2 6 )
e 1  ( r x+R2) ( r  2 +R2 +R3) -  R2
and th i s  value  should be used in  Equations 23 and 2k •
The sw itch  S-^  in  th e  " l e f t ” p o s itio n  helps sh o rt out th e  con­
t a c t  r e s is ta n c e  of R^. I t  should be noted th a t  the  elem ent R-^  i s  
common to  th e  prim ary and secondary c i r c u i t s  and th a t  due to  sw itch  
c o n tac t r e s is ta n c e  no accu ra te  d e term ina tion  of Re i s  p o s s ib le ;  th e  
c o n tac t r e s is ta n c e  in  R-^  i s  of th e  o rder of 0.003 ohm. Should 
g re a te r  accuracy be req u ired  i t  i s  suggested  th a t  th is  whole network 
be rep laced  by an a r t i f i c i a l  c i r c u i t  s im ila r  to  the  a r t i f i c i a l  p r i ­
mary c i r c u i t  except fo r  a 90° phase d if fe re n c e  which can be accom­
p lish e d  e le c t r o n ic a l ly .
In  o p era tio n  one should m ain ta in  R2 ,R3 ^  10 ohms e ls e  th e  r e ­
s i s to r s  r^  and r 2 in  the  prim ary and secondary c i r c u i t s  w i l l  be 
e f f e c t iv e ly  sh o rted  out thereby  changing c i r c u i t  impedances. The 
r e s is ta n c e  w ith  range 0 to  1 ohm can be used to  avoid th i s  d i f f i ­
c u lty  in  th a t  i t  provides a  minimum impedance change i f  la rg e  lo ss  
components must be balanced o u t.
The sw itch  changes th e  phase of th e  in troduced  s ig n a l  iRg 
by 180° w ithou t ap p rec iab ly  changing secondary c i r c u i t  r e la t io n s h ip  
to  ground.
The s ig n a l  g en era to r f o r  th e  prim ary c i r c u i t  c u r re n t .
The s ig n a l  g en era to r i s  a G eneral Radio Low D is to r tio n  o s c i l ­
l a t o r  w ith  e x c e lle n t frequency s t a b i l i t y ,  low d i s to r t io n ,  and good 
v o lta g e  r e g u la tio n . I t  i s  recommended th a t  i f  c ap ac ity  e f f e c ts  a re
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la rg e  th a t  a re g u la ted  A. C. Power Source be used to  f u r th e r  minimize 
frequency  d r i f t ,  and f u r th e r  th a t  s u f f i c i e n t  "warm-up” time be p ro ­
v ided  f o r  befo re  a c tu a l  b rid g e  o p era tio n .
We su g g est o p era tio n  a t  150 cps due to  d e te c tio n  c i r c u i t  ch arac­
t e r i s t i c s  which l im i t  the  frequency  range to  from 100 cps to  200 cps. 
We have avoided lower freq u en c ies  s in ce  the  b a lan ce  s e n s i t iv i ty  i s  
g re a tly  reduced.
The g en e ra to r i s  operated  "balanced to  ground output" and i s  
coupled to the prim ary c i r c u i t  by an impedance matching tran sfo rm er,
e . The N u ll D etection  Systern.
While the  Low Pass F i l t e r  i s  n o t in  th e  d e te c tio n  system proper 
i t  should be mentioned a t  th is  p o in t.  I t  was found th a t  the c ry o s ta t  
c o i ls  produced harmonics o f the fundam ental frequency; j u s t  what p ro ­
v ided  the n o n - lin e a r i ty  i s  n o t known. In  a d d it io n , f o r  la rg e  s ig n a l 
in p u ts  to  the a r t i f i c i a l  prim ary c i r c u i t  th e re  i s  a s l i g h t  d i s to r t io n .  
Even w ith  the tuned d e te c tio n  system the a tte n u a tio n  of th e  second 
and h ig h er o rd er harmonics was n o t s u f f ic ie n t  f o r  a good n u l l  d e tec ­
tio n  s e n s i t i v i t y .  The in tro d u c tio n  of the  Low Pass F i l t e r  j u s t  b efo re  
the audio ou tpu t tran sfo rm er T2 , when o p era tin g  a t  a fundam ental 
frequency of 150 cps, provided an a tte n u a tio n  of 1|0 d ec ib e ls  o r 
g re a te r  fo r  second and h ig h er o rd er harmonics b e fo re  they reached 
the p re a m p lif ie r  where a l l  f req u en c ies  would be g re a t ly  am p lified .
The tran sfo rm er in p u t p re a m p lif ie r  c i r c u i t  provides low " r e s i s ­
tance" n o ise  and has a good frequency response above 100 cps. The 
rh e o s ta ts  PA-1 and PA-1 c o n tro l the b ia s  le v e ls  on the second, th i rd  
and fo u rth  s tag e s  of a m p lif ic a tio n . At p re se n t the  fo u rth  s ta g e  of
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a m p lif ic a tio n  i s  by -p assed . The above rh e o s ta ts  should be ad ju sted  
f o r  a maximum s ig n a l- to -n o is e  r a t i o ;  th i s  has been found to  be about 
-1  v o l t .  The p o ten tio m eter PA-2 i s  the  p re a m p lif ie r  gain c o n tro l.
The l a s t  s e c tio n  of the  p re a m p lif ie r  is  a cathode fo llo w e r f o r  the 
express purpose of m atching the  in p u t impedance of the Tuned Ampli­
f i e r .
The Tuned A m plifier i s  a General Radio Sound A nalyzer. This 
u n i t  must be sh a rp ly  tuned to  the fundam ental frequency ; i t  has a 
response Q — 100 , which i s  to  s a y , a band w idth  Af = 
thereby  g re a t ly  l im its  the  Johnson P o ise .
The Tuned A m plifier i s  fo llow ed by a Dumont O scilloscope fo r  
v is u a l  observa tion  of the n u l l  b a lan ce . I t  has been found very  h e lp ­
f u l  to  sweep the  time a x is  w ith  l in e  frequency whence 60 cycle  pickup 
can be d is tin g u ish e d  from the  fundam ental a t  ba lan ce .
The o v e ra ll  v o ltag e  s e n s i t i v i t y  of the d e te c tio n  system i s  about 
1CT8 v o l t .
I t  is  im portan t t h a t  the gain le v e l  be kep t no h ig h e r than abso­
lu te ly  necessary  and p re fe ra b ly  so th a t  "no ise" i s  b a re ly  o r n o t a t  
a l l  v i s ib l e ;  some low frequency  " f l ic k e r "  n o ise  i s  p re se n t b u t th is  
does n o t obscure th e  n u l l  b a lan ce .
f . The a r t i f i c i a l  prim ary c i r c u i t  and the method of m ain ta in ing  a 
c o n s ta n t e f fe c t iv e  tr io d e  transconductance G.
The a r t i f i c i a l  prim ary c i r c u i t  c o n s is ts  of a tr io d e  vacuum tube 
(12 AY 7) and i t s  b ia s  r e s i s to r  Rg]j\s in  s e r ie s  w ith  the prim ary of 
a f ix e d  m utual inductance m and a v o lta g e  so u rce . Since th e  r e s i s ­
tance  of the  p rim ary  c o i l  and the b ia s  r e s i s to r  a re  sm all the  p la te
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v o ltag e  i s  f o r  a l l  purposes e q u iv a len t to  th e  v o ltag e  ou tpu t o f the 
source ’which w i l l  remain f ix e d  during  o p era tio n . From the ch arac­
t e r i s t i c  curves fo r  th e  t r io d e  an o p era tin g  reg io n  may b e  s e le c te d  
where th e re  i s  l in e a r  response to  a wide range of s ig n a l v o lta g e s  3 
once the p la te  v o ltag e  is  f ix e d  an ad justm en t of th e  b ia s  v o ltag e  
f ix e s  the transconductance  and p la te  c u r re n t whence any sm all v a r ia ­
tio n s  in transconductance ma;/- be c o n tro lle d  by read justm ents o f the 
b ia s  r e s i s to r  PgiAS* Assuming t h a t  we have f ix e d  the p la te  v o lta g e , 
then the  e f fe c t iv e  transconductance of th e  t r io d e  is  a fu n c tio n  only 
of the b ias  r e s is ta n c e ,  namely, G = G(RbIAs)*
I f  th e  proper sw itches a re  thrown in  F igure U th e  only  mutual 
inductance common to  th e  prim ary and secondary c i r c u i t  i s  a sm all 
(50 m icrohenry) mutual in d u c to r h s . C apacitive  coupling  in  th is  
arrangem ent is  n e g lig ib le  and i f  a balance of the b ridge is  made we 
have, using equation 20 and the  f a c t  th a t  vy = vni, a t  balance
f>m G = h!s (27)
I f  we b a lan ce  the b rid g e  fo r  a chosen value of G using f ix e d  values 
of m and !:IS we f in d  an a s so c ia te d  va lue  o f , nam ely^O s by Equation 
27. To in su re  a co n s tan t G th e r e a f te r  we make p e rio d ic  s im ila r  
checks w ith  p s , m, and f ix e d  and a d ju s t  G = G(Rbias)> i f  n eces­
s a ry , by vary ing  the b ia s  r e s i s to r  u n t i l  b rid g e  re tu rn s  to  a b a lan ce .
In the fo llow ing  paragraphs we w i l l  ex p la in  the adjustm ent of 
the D. C. Power Supply and the checking procedure j u s t  d iscu ssed  
above fo r  th e  s e le c te d  v a lu es  used f o r  experim en tal work in  th is  
th e s is  and in  a d d itio n  a method f o r  e s ta b lis h in g  th a t  th e  t r io d e  has 
a l in e a r  response fo r  a wide range of s ig n a l v o lta g e s .
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We have s e le c te d  an o p era tin g  p la te  v o ltag e  of 90 v o l t s .  The 
b a t te r ie s  and B2 of F igure I* a re  each 1)5 v o l t  B -b a t te r ie s .  In 
p a r a l l e l  w ith  th ese  b a t t e r ie s  i s  p laced  the  power supply shown in  
d e t a i l  in  F igure 6 . By a d ju s tin g  the r e s i s to r s  %  and Rg of F igure 
6 , which mean f in e  and course ad justm ents r e s p e c tiv e ly , a power 
supply D. C. ou tpu t v o ltag e  can be se le c te d  and m aintained such th a t  
the b a t t e r ie s  supply  only avery sm all c u r re n t ,  say  about one-half 
m illiam pere , to  the a r t i f i c i a l  prumaiy c i r c u i t .  This arrangem ent 
does n o t p lace  a heavy power d ra in  on th e  b a t t e r i e s ;  th e re fo re  they 
m aintain  t h e i r  ra te d  v o lta g e  f o r  a long tim e and m ain tain  the  p la te  
v o ltag e  le v e l  even f o r  sm all power suppity f lu c tu a tio n s  p rov id ing  
th a t  they a re  supply ing  a sm all c u r re n t to  the c i r c u i t .
We have chosen to  o p era te  the t r i o d e  a t  a t o t a l  p la te  c u r re n t 
of about It m illiam peres and an e f fe c t iv e  transconductance of abou t 
31*00 micromhos. This o p e ra tin g  p o s it io n  has been m aintained by the 
fo llow ing  checking procedure:
Procedure used to  m ain ta in  the  co n s tan t e f fe c t iv e  transconductance
(A) P lace the v a rio u s  sw itches in  the fo llow ing  p o s itio n s
S[t s  Down 
S5 = L e ft
S0 = 1
Sg = Up (o r  a)
Ra = 10 ohms 
r  -  900 Duodial Units 
m = 5 m il l ih e n r ie s
S7 = Down 
Sg = L eft 
S9 = Up 
S10-  Up
(B) With the values under (A) rem aining f ix e d , ba lance  the  
..bridge as c lo se ly  as p o s s ib le .
(C) R eadjust the b ia s  r e s i s to r  RBIAS and. re p e a t (B) u n t i l  a 
n u l l  ba lance  i s  o b ta in ed . Then lo ck  RbiaS* a H elip o t
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R es is to r  ■with a lock ing  type Duodial Mechanism, in to
p o s it io n .
The above procedure should be rep ea ted  f re q u e n tly  during  experim ents. 
Care must be taken th a t  th e  m eters i  and Ip a re  sh o rted  o u t, by means 
of sw itches and Sy, during  b rid g e  balancing  procedures s in c e  the 
n u l l  balance p o s itio n  w i l l  be s h if te d  due to  m agnetic pickup in  the 
m eter c o i l s .
R ot d iscussed  h e re to fo re  i s  the q u es tio n  of w hether the t r io d e  
has a l in e a r  response f o r  a wide range of s ig n a l  v o lta g e s . I t  must 
be k ep t in  mind th a t  w hile  th e  b rid g e  ba lance  co n d itio n s  do n o t 
e x p l ic i t ly  depend upon the prim ary c u r re n t i  the t r io d e  s ig n a l  v o l­
tage does e x p l ic i t ly  depend upon th e  prim ary c u r re n t;  a la rg e  e f fe c ­
t iv e  re s is ta n c e  and primary1- c u r re n t i  may combine to  produce a 
la rg e  enough s ig n a l v o lta g e  to produce d is to r t io n  (n o n -lin e a r  r e ­
sponse). Hie o p e ra to r may e a s i ly  e s ta b l is h  w hether th is  co n d itio n  
i s  occuring by vary ing  th e  prim ary c u r re n t ,  i . e . ,  vary ing  th e  S ig n a l 
G enerator Output A tten u a to r, and no ting  w hether the n u l l  balance 
depends upon prim ary c u r re n t;  i f  a c u r re n t dependent ba lance occurs 
th is  s i tu a t io n  is  e a s i ly  remedied by re p lac in g  m by a la r g e r  m utual 
in d u ctan ce , say the 50 rah. c o i l ,  o r by reducing  the prim ary c u r re n t.  
Hie f u r th e r  q uestion  of l i n e a r i t y  f o r  sm a lle r  s ig n a l v o ltag e s  may be 
determ ined by rep la c in g  the c ry o s ta t  c o i ls  by a S tandard Mutual 
Inductance V ariom eter. An even b e t t e r  check i s  ca rry in g  o u t a su s­
c e p t i b i l i t y  measurement of chrome potassium  alum f o r  the l iq u id  
helium tem perature range s in c e  th is  s a l t  fo llow s C u rie 's  Law in  th is  
reg ion .
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g. Bridge C o ils .
The m utual inductance m i s  housed in  a sm all wooden box which is  
se p a ra te  from th e  r e la y  ra c k . The connection  w ith  the b rid g e  p roper 
i s  made by tw is ted  p a i r ,  sh ie ld e d  cab les  te rm in a tin g  in  Amphenol con­
n e c to rs .  This tra n sfo rm er should  be p laced  so th a t  coupling  w ith  
o th e r  c o i ls  o f the b r id g e  system and surroundings i s  a minimum. A 
s e le c to r  sw itch  on the box perm its  a choice of e i th e r  a 50 m illih e n ry  
Leeds and k o rth ru p  Fixed S tandard m utual Inductance o r an in d u c to r  
o f approxim ately  5 m illih e n ry  m utual in d u c tan ce . Trie form er c o i l  i s  
n o t a s t a t i c a l l y  wound; the l a t t e r  c o i l ,  made in  th i s  la b o ra to ry , i s  
a s t a t i c a l l y  wound and c o n s is ts  of co n cen tric  prim ary and secondary 
se c tio n s  wound on D ilec to  tu b in g . The tub ing  was th readed  to  hold 
the tu rn s  in  p lace  and the tu rn s  a re  covered w ith  a G eneral E le c tr ic  
Resin Adhesive Cement.
The m utual inductance I.IS of approxim ately  50 m icrohenries m utual 
inductance was c o n s tru c ted  s im i la r  to  th e  5 m illih e n ry  c o i l  in  the 
preceding paragraph and i s  lo c a te d  w ith in  th e  r e la y  rack on the chas­
s i s  which houses the a r t i f i c i a l  prim ary c i r c u i t  and the  p re a m p lif ie r .
The tran sfo rm er I,l0 , housed in  the re la y  ra c k , may be used to  
ba lance  ou t any o r ig in a l  m utual inductance due to th e  c ry o s ta t  c o i ls  
and caused by c a p a c itiv e  co u p lin g . Hie c o i ls  a re  wound on D ilec to  
tu b in g ; ‘the secondary c o n s is ts  of two a s t a t i c  s e c tio n s  on a movable 
tube which f i t s  in s id e  an o th e r tube which i s  f ix e d  and has the prim ary 
wound on i t .  A th readed  screw moves the in n e r  c o i l  to  change the 
coup ling . The c o i l s  suspended v e r t i c a l ly  a re  housed in  the  wooden 
box a t  the bottom of the r e la y  rack . The v ario m ete r screw i s  lo c a ted
on th e  top of the  box and is  a c c e ss ib le  from the f r o n t  of the  rack ; 
the screw may be locked in to  p o s it io n  once a d e s ire d  s e t t in g  i s  found. 
On the  back of the box a re  sw itches which perm it the s e le c t io n  of 
e i th e r  a 30 or 200 m icrohenry range and a ls o  to  rev e rse  the  d ire c t io n  
of the prim ary w inding w ith  re sp e c t to  the  secondary . Twisted p a i r ,  
sh ie ld ed  cab les  te rm in a tin g  in  Amphenol connectors make connection 
on the ch assis  below the  sw itches Sq and S-|q which a re  on th e  back 
of the  c h a s s is  connected to  the middle panel of th e  r e la y  rack .
The c ry o s ta t  c o i ls  a re  always a s t a t i c a l l y  wound b u t t h e i r  design
is  dependent upon the type of experim ent to  be  performed and w i l l  be
d escribed  along w iih experim en ta l arrangem ents l a t e r ,
h . O peration of the b rid g e  f o r  s u s c e p t ib i l i ty  measureme n ts .
vie assume th a t  p e rio d ic  checks, o u tlin e d  in  S ection  h f ,  a re  made 
on th e  constancy of the e f f e c t iv e  transconductance of the  a r t i f i c i a l  
prim ary c i r c u i t  t r io d e .
The c ry o s ta t  c o i ls  a re  included  in  the b rid g e  c i r c u i t  by p lac in g  
sw itches and Sg in  the  " r ig h t” p o s it io n . I f  a la rg e  i n i t i a l  m utual 
inductance i s  p resen ted  by th ese  c o i l s ,  the sw itches So and S^q may 
be changed from t h e i r  "up” to  t h e i r  "down” p o s it io n  thereby  in c lu d in g  
th e  tran sfo rm er ho in  the  c i r c u i t ,  and th i s  la rg e  i n i t i a l  component 
may be then balanced  o u t by vary ing  the inductance I.'0 . This l a s t  
s te p  i s  necessary  only because the re s is ta n c e  ^0 i s  n o t con tin u o u sly  
v a r ia b le  and sm all .increments of mutual inductance can n o t be measured 
i f  the i n i t i a l  value of i s  la rg e ,  n e v e r th e le ss  th is  arrangem ent 
o f th e  e f f e c t iv e  r e s is ta n c e  p  i s  e s p e c ia lly  s u ite d  to  measurements
o f a v a ry in g , tem perature dependent param agnetic s u s c e p t ib i l i ty
which fo llow s C u rie 's  law ; th a t  i s ,  f o r  a very  low tem perature
thermometry.
F u rth e r ba lances a re  made by changing th e  e f f e c t iv e  r e s is ta n c e s  
jO and Rq and p roper p o s itio n in g  of the  phasing sw itches S2 and S3 ,
i .  A convenient re p re se n ta tio n  f o r  the  b rid g e  m utual inductance
q u a n ti ty , /OmG .
In  S ec tio n  f  of th is  chap ter we d escrib ed  how the tran sco n d u c t­
ance G would be m aintained a t  a f ix e d  value  fo r  the experim ents under 
th i s  th e s i s .  What we ra s h  to  draw a t te n t io n  to  i s  th a t  the  q u a n tity  
(mG) has a f ix e d  value when e i th e r  of the two in d u c to rs  m = 5 o r 50 
m illih en ry s  i s  used; thus a param eter p ro p o rtio n a l to  yO i s  a lso  
p ro p o rtio n a l to  yO mG . For convenience we now s e le c t  as th e se  p a r­
am eters
where we measure r  in  d i a l  u n its  o f the  H elipo t Duodial marked r  
and measure th e  o th e r q u a n ti t ie s  as d escrib ed  in  S ection  b of th i s  
c h a p te r . Then c e r ta in ly  th e re  e x i s t  p ro p o r t io n a li ty  co n sta n ts  K and 
K1 so th a t  in  terms of y  and y ' ,  Equation 2k can be s ta te d  as
The value  of one u n i t  of y  o r y ' i s  very  n e a r ly  r e p re s e n ta tiv e  of
when using  m S 5 mh.
when u sin g  m = 50 mh.
10“7 henry . I f  y  and y* a re  measured in  t h e i r  d efin ed  u n its  and i f  
P * ,  A, CCqS and V a re  measured in  e .g . s .  system  u n i t s ,  th en , p ro ­
v id in g  th e  va lue  of G i s  f ix e d  as s p e c if ie d  in  S ec tio n  f ,  i .  e . ,  th e  
procedure whereby G i s  m ain tained  a t  approxim ately  3U00 micromhos, 
th e  num erical va lue  of K and K' i s  very  n e a r ly  10+? . These va lues 
a re  s p e c if ie d  only f o r  design  purposes. In  p ra c t ic e  we w i l l  d e te r ­
mine th e  p ro p o r t io n a li ty  co n s ta n t between (y -  y 0) and ( 0CQV) by a 
c a l ib r a t io n  experim ent in  which the  v a lu e  of ( CX0V) i s  known th e re ­
by determ ining  th e  co n s tan t term  (KA*A),
CHAPTER I I
AN EXPERIMENTAL INVESTIGATION OF THE MAGNETO-CALORIC 
EFFECT IN ADDITTVELY COLORED KC1
1 . Introduction.
The e a r lie r  experiments of Heer and Rauch  ^ showed that the para­
magnetic s u s c e p t ib il i ty  of F -centers in  a d d itiv e ly  colored KC1 
obeyed Curie's Law down to 1°K. With these re su lts  in  mind, i t  was 
apparent th at the F-center system might present an in te r e stin g  sub­
stance fo r  magnetic coo ling  in  that d ip o le -d ip o le  in tera ctio n s could  
be made a r b itr a r ily  sm all inasmuch as the number d en sity  of such 
centers could be e a s i ly  varied  and se le c te d  in  the co loring  process 
in  the range 10^  centers per cubic centim eter and lower.
Recently Professors J. Korringa and J. G. Daunt^ have carried  
out a th e o re tic a l in v estig a tio n  of the s u s c e p t ib il i ty  and entropy of  
F -centers in  A lkalie Halides below 1°K using the model suggested by 
Kip e t .  a l.^  Ihey have shown th at a hyperfine in ter a c tio n , i . e . ,  the 
magnetic in tera ctio n  of the e lectron  in  the F -center w ith the s ix  
neighbor a lk a li  n u c le i, imposes the low est l im it  on the f in a l  tempera­
tures p o ss ib ly  obtainable by ad iabatic demagnetization of the F-center  
assembly.
j* C. V. Heer and C. Rauch, Phys. Rev. 90, 530 (1953)*
5 J .  Korringa and J .  G. Daunt, On the S u sc e p t ib ility  and Entropy 
o f F-Centers in  A lk a lie- Halides Below 1°K. In the p ress ,
Phys. Rev.
6 Kip e t .  a l . ,  Phys. Rev. 91, 1066 (1953).
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la te  in  1953 we attempted a magnetic coo lin g  experiment using  
colored KC1 but could reach no d e f in ite  conclusions as to the r e su lts  
due to  poor thermometry and iso la t io n  of the specimen. Hie bridge 
o f  Chapter I was then developed fo r  the express purpose of measuring 
the sm all s u s c e p t ib il i ty  changes in  colored KC1 thereby providing us 
w ith  a good thermometer fo r  the magnetic temperature sc a le ;  the A. C. 
Induction Method i s  the most s e n s it iv e  sm all f ie ld  method of suscep­
t i b i l i t y  measurement a t  low temperatures and, in  ad d ition , s in ce  no 
p h ysica l contact i s  made w ith  the specimen, allow s fo r  creatin g  a 
good iso la t io n  of the specimen. In view of the sm all e lec tro n ic  
entropy per cubic centim eter which can be removed by an isotherm al 
m agnetization a t  one degree Kelvin even with strong f ie ld s  the degree 
of iso la t io n  o f the specimen from the surroundings i s  extremely im­
portant; th is  la t t e r  d i f f i c u l t y  i s  s t i l l  a serious problem and 
undoubtedly explains the discouraging r e su lts  of th is  work.
2 . Hie Cryostat and Magnet.
Hie construction  o f the B it te r  Type Electromagnet was begun by 
Dr. R. C. Sapp and the author as early  as 1952 and the d e ta ils  o f  
construction  are very a b ly  covered in  Dr. Sapp's D isserta tio n .?  I t  
s u ff ic e s  here to  say th at f ie ld s  up to 25 Kilogauss were obtained  
over a two inch pole p iece  gap.
Hie cry o sta t was constructed by Dr. Sapp and the Low Temperature 
Group Technical S ta ff  w ith the express purposes in  mind to achieve
? R. C. Sapp, D isser ta tio n . Hie Ohio S tate  U n iversity , 1955.
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a r ig id  cry o sta t system and high pumping speeds and u ltim ate vacuums 
in  the Dewar and Specimen Chamber system s. The d escription  of cryo-
O
s ta t  d e ta ils  may be found in  Dr. Sapp's D isserta tio n . The cryosta t  
system, including Dewars, was b u i l t  so th at various magnetic cooling  
experiments could be performed merely by interchanging specimen 
chambers j the en tir e  specimen chamber assembly i s  removable from the 
cry o sta t.
The photograph on the fo llow in g  page id e n t if ie s  the magnetic 
and cryosta t system s.
3 . Preparation of Specimen.
Potassium Chloride C rystals in  c y lin d r ica l rod form were obtained  
from the Harshaw Chemical Company. Mr. Conrad Eauch of The Low 
Temperature Laboratory a t  The Ohio S tate U niversity  graciously  devoted 
severa l weeks of producing and accurately measuring the d en sity  of 
F-centers in  these rods of KC1. The cry sta ls  were prepared in  an 
improved co loration  chamber where the KC1 cry sta ls  were heated to 
ju s t  under th e ir  m elting poin t in  the presence o f the metal vapor. 
S u sc e p t ib ility  was measured by the Gouy Method.9
The p a rticu la r  experiment described in  th is  chapter uses a spe­
cimen prepared February 5 , 1955 which had a co lor  cen ter  d en sity  of 
3 .7  x 10^ -® centers per cubic centim eter. The s a l t  mass was 6.308  
grams and i t s  dimensions were approximately a one-half inch diameter 
cy lin d er , one inch long.
® R. C. Sapp, D isser ta tio n . The Ohio S tate U n iversity , 1955*
9 C. V. Heer and C. Eauch, Phys. Eev. 90, 530 (1953).
PHOTOGRAPH I I I .  T H E  CRYOSTAT SYSTEM INCLUDING
E L E C T R O M A G N E T
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U. Specimen Mounting in  the Specimen Chamber.
In Figure 7 we show the specimen and the method of mounting in  
the specimen chamber; a lso  the p o sitio n  of the cr y o sta t c o i l s  i s  
ind icated  and the magnet pole p ieces are shown fo r  the case o f the 
electromagnet in  p o sitio n  fo r  a magnetic cooling c y c le .
A brass cap a t  the bottom of the specimen chamber when soldered  
in  p o s it io n  completes the s e a l of the specimen chamber or high vacuum 
system. This cap i s  threaded as shown in  Figure 7 fo r  a 10-32 machine 
screw and the specimen assembly i s  screwed in to  th is  tapped h ole;  
th is  provides a r ig id  mounting fo r  the assembly.
The c y lin d r ica l specimen is  mounted in  a nylon cup. The nylon 
cup i s  attached to a length  of 3 mm. German S ilv e r  tubing (0 .1  mm. 
w a ll) which leads to a "guard sa lt"  where attachment to the guard 
s a l t  i s  made by a brass cup. A brass cup on the other s id e  of the 
guard s a l t  supports the s a l t  and another length  of the German S ilv e r  
tubing i s  attached to  the cup and i t s  ether end term inates in  a 
machine screw which f i t s  the tapped hole in  the brass end cap o f the 
specimen chamber.
The specimen is  mounted so that i t  w i l l  be near the cen ter  of 
the p ole p ieces and hence the maximum f ie ld  w i l l  be a v a ila b le  from 
the magnet. The guard s a l t  i s  loca ted  so that i t  w i l l  be in  a large  
magnetic f i e ld .  The guard s a l t  co n s is ts  o f a pressed powder cy lin d er  
of chrome alum w ith a mass o f 7 i  grams.
The guard s a l t  w i l l  be subjected to a f i e ld  of from 10 to  5 
Kilogauss across i t s  length when the f i e ld  a t  the specimen i s  25 
K ilogauss. The magnetic coo lin g  cy c le  i s  such th at the heat o f
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m agnetization i s  removed is o  therm ally a t  about 1°K; th is  means th at  
the temperature reached by the guard s a l t  w i l l  be about 0.1°K upon 
dem agnetization. An enthalpy change of about 7,000 ergs/gm w i l l  
warm the guard s a l t  up to about 0*2°K which means th a t a t o ta l  heat 
input o f about 50,000 ergs i s  necessary to produce th is  temperature 
change. S ince the thermal conductiv ity  o f German S ilv e r  i s  about 
20,000 erg/sec/cm /°K  a t 1°K i t  would take about e ig h t minutes fo r  
the heat input through the German S ilv e r  lin k  to  the 1°K liq u id  
helium bath to  increase the guard s a l t  temperature to 0.2°K .
S in ce'th e  lower end of the upper sec tio n  of German S ilv e r  tub­
ing  remains a t  th is  low temperature, the heat input to  the specimen 
should be exceedingly sm all and o f the order of sev era l ergs/min  
un less some other source o f heat leak  i s  predominant.
5 . Cryostat C o ils .
Inasmuch as the paramagnetic s u s c e p t ib il i ty  o f the F -center  
specimen w i l l  be extremely sm all 2 .3  x  10**^  emu/cm-3) and the 
s u s c e p t ib il i ty  o f the guard s a l t  w i l l  be large  in  comparison 
( w 7 x  10~3 amu/cm^), the cry o sta t c o i l  design i s  h igh ly  sp e c ia l­
iz e d . Futhermore, a large number of turns w i l l  be necessary to  
measure such a sm all s u s c e p t ib il ity  and the space fo r  the c o i l s  in  
the helium bath between the specimen chamber and the helium dewar 
inner w a ll w i l l  be very sm all.
The b e s t  design fo r  a secondary c o i l ,  as ind icated  by Equation 
U ,  i s  a three sec tio n  c o i l  w ith the middle sec tio n  long and contain­
ing  the specimen a t  i t s  center and w ith the end sec tio n s  h a lf  as
uu
long as the middle sec tio n  and a s ta t ic a l ly  wound w ith  resp ect to  
the middle section *  Since th is  procedure would p lace the secondary 
c o i l  near the guard s a l t ,  which cannot be placed fu rth er away from 
the specimen, the e f f e c t  of s u s c e p t ib il i ty  changes in  the guard 
s a l t  would be to in te r fer e  w ith the desired  measurement; we there­
fo re  reso rt to  a two sec tio n  secondary c o i l  system which in creases  
the separation between guard s a l t  and secondary c o il*
To further reduce the end e f fe c t s  we construct the primary 
c o i l  so th at the magnetic f i e ld  i s  very sm all beyond i t s  ends and 
y e t  uniform over the secondary c o i l  system*
The primary c o i l s  used in  th is  experiment are so lenoids o f 
c ircu la r  cro ss-sec tio n  whose r a tio  o f r a d ii to length  i s  o f the 
order of 0.1* Along the a x is  o f such a s in g le  layered so len oid  o f  
radius rm, length  2 c , w ith  a turn d en sity  ©c turns/cm (very sm all 
p itch  and w ir e ) , current I ,  and a t  a d istan ce x  from the center o f  
the c o i l ,  the magnetic f i e ld  beyond an end o f the c o i l  i s  given by
In r o c iV lO
w hile in te r io r  to  the c o i l  along i t s  ax is and a short way in sid e  
the c o i l ,  the f i e ld  i s  to  e x c e lle n t  approximation uniform and 
given by % -  Uh"06 l / lO .  Now l e t  us suppose th at we wind a m ulti­
layered primary s ta r t in g  a t  a radius r^ w ith  layer  separation  d so  
th a t the radius o f the m^ *1 la y er  i s  rm ■ r^ (m -l)d; further
US
suppose that the f i r s t  K layers are wound in  opposition  to  the next 
N layers w ith K>N. By in sp ection  o f Equation 28 we see  th a t the 
condition  th at the f i e ld  vanish  as a quadrapole beyond the ends o f  
the c o i l  i s  th at
and, y e t ,  the in te r io r  f i e ld  w i l l  be proportional to  the d ifferen ce  
in  the number o f la y e r s . Therefore, the in te r io r  f i e ld  and the 
condition  th at the f i e ld  vanish ex te r io r ly  as a quadrapole are 
given by
A fter t r i a l  computations w ith  Equation 29 w ith  consideration  
o f  the to ta l  number of turns needed and the space a v a ila b le , the  
fo llow in g  scheme was found sa tis fa c to r y :
Wire used: G. E. Formex, Insu lation  F , Copper AWG No. UUj
K -  22; N a  19j n a  3j
<*£ s  350 turns/cm /layer; and d a  0.0053 cm. (by experim entation) .  
With the above parameters f ix e d  i t  was fu rth er found th a t  
r^ s  1.371 cm. — 1.080/2 inches 
(H /l) in te r io r  *  0#^  gauss/m illiam pere
( ^ I n te r io r  * UTTiipl/lO ; np = oCn 5 n a K -  N
nCr-i/d)2 -  2 (r !/d )[ |(2 K -n )(2 K -n -l)  -  K (K -l)] -
[(2K -n)(2K -n-l)(liK -2n-l)/6  -  K (K -l)(2K -l)/3 ] = 0
(29)
(H /l)E x te r io r  ■ (H /lJ jn te r io r  ^ (0 .9 ) [ (x -c )- ^ -  (x+c)"^] 
(3 .7 ) [ < « ) - *  -  (x -c )”6]  +  . . .  ]J
k6
I t  was a lso  computed that the f i e ld  re la tio n sh ip  a t  the c lo s e s t  part 
of the guard s a l t  was
H Exterior/H lnterior -  0.0012 
The number of layers on the secondary was chosen as 22 and the same 
turn d en sity  was used as on a primary la y er . The constant AQ of 
Equation 11 then has the va lu e  
A0 d  0.23
which should make s u s c e p t ib il i ty  measurements p o ss ib le .
The c o i l  forms are shown in  Figure 8 . The s l ig h t  increase in  
the dimension r^ i s  to  compensate fo r  the estim ated contraction  w ith  
temperature change. The forms are made from D ilecto  XXX tubing, a 
b a k e lite  impregnated paper base tubing, which was chosen s in c e  i t s  
temperature c o e f f ic ie n t  of expansion i s  comparable w ith  that o f the 
copper wire used. Once the forms were wound with the copper w ire , 
to  previous s p e c if ic a t io n s , then the primary was placed concentric­
a l ly  over the secondary, the c o i ls  were pegged togeth er, and the 
whole assembly was made f a s t  on the specimen chamber w ith the 
orien ta tion  shown in  Figure 7.
In winding the c o i l s ,  a la y er  has been put down the en tir e  
length  of the primary or secondary c o i l ,  and consecutive layers  
so placed on top of t h is .  The secondary sec tio n s  are equal but 
a s ta t ic .  The top la y er  of the secondary i s  brought out o f the  
form on a lead wire of AWG No. 2lij the top la y er  of the primary, 
on AWG No. 36. The c o i l s  were sprayed w ith Krylon and covered  
w ith  a p ro tectiv e  la y er  of len s t is s u e  a fte r  being wound under
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moderate te n sio n . The primary and secondary res ista n ces  a t  room 
temperature were approximately 60,000 and 16,000 ohms, r e sp ec tiv e ly ;  
a t  helium temperatures th is  res ista n ce  w i l l  be down by approximate­
ly  a fa c to r  of 100. The c o i ls  should be connected to  the bridge  
so that the nearest primary and secondary layers are c lo s e s t  to  
ground p o te n tia l in  order to  minimize cap a c itiv e  coupling.
6 , Thermometry.
The temperature o f the liq u id  helium bath in  the helium dewar 
i s  varied  from approximately 1* to  1°K l y  pumping on the c losed  bath  
system w ith a large vacuum pump. By m aintaining a f ix e d  helium  
vapor pressure, an equilibrium  temperature i s  reached between the 
liq u id  and vapor phases; the temperature i s  determined by reading 
the vapor pressure on mercury and o i l  manometers and then convert­
ing th is  reading to temperature by means of a vapor pressure versus 
temperature chart-*-®.
Above the lambda-point o f l iq u id  helium we have measured the 
vapor pressure on a mercuiy manometer. In order to  make accurate 
measurements below the lambda-point, we have used an o i l  manometer 
containing b u ty l phthalate; a mercuiy manometer having a 25 mm. 
cr o ss-se c t io n a l diameter was placed in  p a r a lle l  w ith the o i l  manome­
t e r ,  the high vacuum s id es  o f the manometers were maintained by 
separate pumps a t  pressures below 5 m icrons, and a ca lib ra tio n  was 
carried  out by reading the o i l  v isu a lly  and by reading the mercuiy
^®See Table I I ,  C. T. Idnder, The Measurement o f Low 
Temperatures. Research Report R-9Ul*.33-2-A,
Westinghouse Research Laboratories. 1950.
w ith a cathetom eter. The r e su lts  o f  th is  ca lib ra tio n  are shown in  
Figure 9; a l e a s t  squares f i t  has been made to the p oin ts from 
which the dev iation  i s  very sm a ll. The sm all in tercep t value in  
the le a s t  squares f i t  i s  n ot rea d ily  exp la in ab le , but i t  seems to  
in d ica te  a co n s is ten t error in  the mercury readings; we have, there­
fo re  used a conversion fa c to r  of 15 to 1 in  converting subsequent 
o i l  readings to  equivalent mercury read ings.
At temperatures below 1°K, which are obtained by ad iab atic  
demagnetization o f a paramagnetic s a l t ,  the magnetic s u s c e p t ib il i ty  
o f the s a l t  i s  used as a parameter representing the temperature.
I f  in  a prelim inary in v e stig a tio n  or ca lib ra tio n  in  the liq u id  
helium temperature region the re la tio n sh ip  between the su s c e p t ib il­
i t y  and the temperature, as determined by the vapor pressure ther­
mometer, s a t i s f i e s  the Curie-Weiss Law, OC -  C/(T -  9 ) ,  we use the 
extrapolation  o f th is  lin e a r  curve to  defin e the magnetic temper­
ature or Curie temperature, T*. The quantity y  which i s  determined 
l?y bridge balance i s  d ir e c t ly  proportional to  OC fo r  most c a se s , or 
a t  le a s t  a sim ple re la tio n sh ip  e x is t s  between th ese  q u a n tit ie s .
The r e su lts  o f  the ca lib ra tio n  fo r  the F-center specimen 
appears in  Table IV; a lso  included in  th is  ta b le  are the r e su lts  
o f a "dummy*1 ca lib ra tio n  which was done a t  a d iffe r e n t  time w ith­
out the specimen in  the specimen chamber. From many observations  
i t  was apparent th a t the i n i t i a l  value o f y c varied  s l ig h t ly  from 
experiment to  experiment due to  changes in  bridge or c o i l  surround­
in g s; however, y 0 was constant during any one experiment below the  
lambda-point and above the lambda-point the va ria tio n s were c o n s is te n t.
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p  o i l  
(IN MM OIL)
p HG 
(IN MM HG)
d l
(IN MM OI L)
3 6 3 2 4 . 1 9 - 0 . 4 5
2 1 9 1 4 . 5 2 ♦ 0 . 2 8
1 7 3 1 1 . 4 3 - 0 . 6 0
121 7 . 9 3 ♦ 0 . 7 5
9 1 5 . 9 5 ♦ 0 . 3 7
4 9 3 . 2 0 - 0 . 5 0
1 9 1 . 2 0 - 0 . 5 9
L E A S T  S Q U A R E  F I T S  
P 0 | |  « 1 . 6 4  ♦  1 4 . 9 6  P h g
10 FIG. 9 20 P H G
OIL MANOME T E R  CALI BRATI ON ( I N  M M .  H G )
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TABLE IV
KC1 Specimen and "Dummy Run" C alibration Data 
KC1 Specimen C alibration Points:
% p0 i l
R r T l/T y
7U9.0 mm. 1* 718.0 1*.196°K 0.238 287.1
362.0 k 698.0 3.520 .281* 279.1
207.0 1* 700.2 3.091 .321* 280.0
63 .5 1* 702.6 2.1*78 .1*01* 280.9
530 mm. 1* 721*. 5 2.153 .1*65 289.7
361 1* 725.5 2.011* .1*97 290.1
178 1* 728.5 1.789 .560 291.3
117 h 730.0 1.678 .596 291.9
56 h 732.5 1.508 .661* 292.9
19 h 735.5 1.307 .776 291*. 1
10 1* 737.0 1.210 .830 291*. 7
Dummy Run C alibration Points:
Pne p0 i l R r T l/T y
757.0 mm. 10 281.5 U.207 0.238 281.2
757.0 10 283.0 1*.207 .238 282.7
Pumping 10 277.0 276.7
31*1*. 0 10 27U.0 3.1*78 .288 273.7
Pumping 10 276.5 276.2
201*. 0 10 27l*.0 3.081 .321* 273.7
Pumping 10 276.5 276.2
103.0 10 273.5 2 .6  55 .377 273.2
Pumping 10 276.5 276.2
67.0 10 271*. 0 2.1*32 .1*12 273.7
51*1 mm. 10 281.8 2.162 .1*63 281.5
Pumping 10 281*. 0 283.7
361 10 281.8 2.010 .1*98 281.5
Pumping 10 281*. 0 283.7
179 10 281.5 1.790 .559 281.2
58 10 281.5 1.516 .660 281.2
11 10 282.0 1.220 .820 281.7
During these ca lib ra tio n s:
Sq ■* 1 
m m 5 mh.
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The r e su lts  o f  both experiments are shown in  Figure 10 , using the  
data o f Table IV, and a corre la tion  i s  made. The “dummy run" p oin ts  
which are circumscribed by squares are p oin ts taken a t  equilibrium , 
and the dotted l in e  which jo in s th ese po in ts has only the meaning 
that a v ertex  in  th a t l in e  represents a bridge balance made between 
points o f temperature equilibrium , i . e . ,  w h ile a lte r in g  the bath  
vapor pressure. The points which are circumscribed by c ir c le s  in  
Figure 10 are the bridge balance points obtained in  the ca lib ra tio n  
run w ith  the F-center specimen; "ears" or lim its  are placed on 
th ese points corresponding to the lim its  o f v aria tion  o f the corre­
sponding temperature points o f the "dummy run", and are ind icated  
by h orizon ta l b ars.
"While the s e n s i t iv i t y  o f the ca lib ra tio n  i s  poor, i t  i s  never­
th e le ss  s u f f ic ie n t  to  d e te c t  any large  change of temperature r e s u lt ­
ing from a magnetic coo lin g  c y c le . Later, in  Chapter I I I ,  where we 
are in ter ested  in  actu al s u s c e p t ib il i ty  v a lu es , a ca lib ra tio n  of  
the bridge system determines experim entally the value o f the con­
s ta n t , (K^3*A), o f Section  i*i in  Chapter I j  th is  v a lu e , together  
w ith  the specimen inform ation given in  Section  3 of th is  chapter, 
enables ca lcu la tio n  o f the expected ra te  o f v a r ia tio n  of the param­
e te r  y  w ith  temperature, and a very l ig h t  s tr a ig h t  l in e  w ith th is  
s lo p e  i s  drawn through the ca lib ra tio n  points w ith  reasonable f i t .  
We s h a l l  use the extrapolation  o f th is  l in e  to  d efin e the Curie 
temperature; l im its  o f p o ss ib le  error w i l l ,  o f course, be given  
when th is  extrapolation  i s  used.
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7 . Experimental Procedure and Results o f  the Adiabatic Demagneti­
zation  o
A fter the ca lib ra tio n  o f the s u s c e p t ib i l i t y  thermometer the 
electrom agnet was ro lled  in to  p o s it io n  and a f ie ld  of approximately 
25 Kilogauss (the maximum f i e l d  obtainable) applied  tra n sv ersa lly  to  
the specimen as in d icated  in  Figure 7j the chrome alum guard s a l t  
was sim ultaneously in  a f i e ld  o f from 10 to 5 K ilogauss. The heat 
of m agnetization was removed by m aintaining exchange gas in  the 
specimen chamber and keeping the liq u id  helium bath a t  approximately 
1°K. A fter allow ing about 15 minutes fo r  the removal o f the heat 
o f m agnetization, the specimen chamber was evacuated; the specimen 
chamber was pumped by an o i l  d iffu s io n  pump capable of u ltim ate  
vacuums of the order o f 10“  ^ mm. mercury pressure, and the vacuum as 
in d icated  by an io n iza tio n  gauge a t  room temperature was of the order 
of 10“6 mm. mercury a f te r  about 20 minutes pumping tim e. Immediately 
a fte r  th is  evacuation o f the specimen chamber the magnetic f i e ld  was 
reduced to zero, the magnet moved away from the dewar system and 
measurements made of the s a l t  s u s c e p t ib i l i iy .  The r e su lts  o f th is  
ad iab atic  dem agnetization are given in  Table V and a magnetic tem­
perature T* i s  computed from an extrapolation  of the Figure 10 with  
p o ssib le  error in d ica ted . A second magnetic coo lin g  cy c le  was per­
formed and i t s  r e su lts  are a lso  shown in  Table V.
8 . D iscussion o f the Results o f the Adiabatic Demagnetizations.
In Table V we f in d  that the f in a l  temperature reached in  adia­
b a tic  dem agnetizations from an i n i t i a l  f i e ld  of 25 Kilogauss and an
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TABLE V
R esults o f Magnetic Cooling Cycles With A dditively  Colored KC1
Time A fter Measured Values Computed Values Probable 
D escription Demag. R r y  T* Error
F ir s t  adiaba­
t ic  demagne­
t iz a t io n  from 
i n i t i a l  f ie ld  
25 Kilogauss 
and i n i t i a l  
temperature 
1°K.
28 se c .  
375
10
10
tn 
_d-
o 
oo"\
301*. 7 
303.7
.63°
.66
+ .05°  
- . .0 2  
+ .06 
-  .02
Exchange gas 10 295 291*. 7 1.20 f  .01*
added to  spe­ -  .02
cimen chamber
Second adia­ 30 10 305 301*. 7 .63 + .05
b a tic  demag­ -  .02
n e tiza tio n 33 10 300 299.7 .83 + .05
from i n i t i a l -  .03
f ie ld  25 100 10 2 99 298.7
CO00• + .05
Kilogauss and -  .03
i n i t i a l  tem­ 368 10 297 296.7 1.02 + .01*
perature 1°K. -  .03
550 10 297 296.7 1.02 + .01*
-  .03
Exchange gas 10 296 295.7 1.10 + .01*
added to spe­ -  .02
cimen chamber 10 29h 293.7 1.30 + .05
-  .00
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i n i t i a l  temperature o f about 1°K was approximately 0.65°K. We now 
w ish to consider th is  r e s u lt  from the standpoint of the th e o r e tic a l  
work of Korringa and Daunt^ which was mentioned in  Section  1 of th is  
chapter.
Inasmuch as the F -center assembly in  KC1 obeys Curie's Law down
to 1°K and the isotherm al m agnetizations were done a t  1°K, the
entropy change may be ca lcu la ted  fo r  the isotherm al m agnetization
12from the data given by Hull and H ull. The entropy decrease asso­
c ia ted  with the isotherm al m agnetization conditions given in  the  
f i r s t  paragraph o f th is  sectio n  fo r  an electron  in  an F-center  
( j  = S ^  2) i s  found to  be
S 'a 0 .5  k per F -center.
For the moment l e t  us n eg lec t the la t t i c e  s p e c if ic  heat and 
entropy and compute the f in a l  temperature reached upon ad iabatic  
demagnetization from the Temperature-Entropy Diagram given by 
Korringa and D au n t.^  According to  -this work the entropy change,
S, w i l l  produce a f in a l  temperature 
Tf  *  (0.L0 Tc ^  .om°K  
where Tc , the ch a ra c ter istic  hyperfine coupling temperature, has been 
taken to be 3 .5  m illid e g r ee s . Hie associa ted  zero f i e l d  heat capa­
c i t y  between Tf and bath temperature (1°K) may be estim ated by com­
puting the area under the TS curve^- and we fin d
T d S ^  2 .7  x 10“ ®^ ergs per F-center
J. Korringa and J. G. Daunt, On the Suscept i bi l i ty  and Entropy 
o f F-cen ters in  A lk a lie- h a lid es Below 1°K. In the p ress ,
Phys. Rev.
12 Hull and H ull, J. Chem. Phys. £ , 1*67 ( I 9 h l) .
1°K
Tf
o r, fo r  a specimen w ith 3 .7  x  10-^ F -centers per cm ,^ 
f  1°K
T d S — 5 ergs per gram.
The above computations have not included the e f f e c t  o f the la t t i c e  
s p e c if ic  heat and entropy on the ad iab atic  dem agnetization.
The Debye C haracteristic Temperature fo r  KC1 in  the liq u id  
helium temperature region has been in v estig a ted  by Keesom and C l a r k e - 3  
and was found to be ^  200°K. The la t t i c e  entropy i s  then given  
by
SL = ( - ^  j  ^ cal/m ole/degree -  11  ^ erg/gm/degree
Let us assume that the la t t i c e  i s  always in  equilibrium  w ith  the 
F-center spin  system in  which case the l a t t i c e  entropy can be added 
to  the entropy curve given by Korringa and Daunt. The la t t i c e  
entropy associa ted  w ith an F-center in  a specimen w ith F -center d en si­
ty  3 .7  x  10-*-® centers per cnP i s  then
^  0.13 k per F-center
With th is  entropy added to the entropy curve given by Korringa and 
Daunt we fin d  the new f in a l  temperature reached upon the ad iab atic  
demagnetization to  be
Tf  c* (0 .5 ) Tc ^  0.018°K  
and the new to ta l  heat capacity  between th is  Tf and bath temperature 
i s  given by
r 10KVTf T d S Q i 12 ergs/gm  
The heat capacity  between the f in a l  temperature Tf and the temperature
3-3 Keesom and Clark, Physica 2 , 698 (1935).
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a c tu a lly  observed a f te r  the dem agnetization, namely, 0.65°K i s  found
to  be
o.6 5 °k
T d S ^  5 ergs/gm
In view of th e  f a c t  th a t our specimen i s  not p e r fe c t ly  iso la te d  
therm ally the observed r e su lts  of the ad iabatic demagnetization are 
not su rp r isin g . The F-center specimen has a large surface area 
and a mass o f about 6 gramsj the i n i t i a l  heat leak  due to  conden­
sa tio n  of helium on the co ld  s a l t  alone i s  probably large enough to  
warm the sample to the observed temperature before s u s c e p t ib il i ty  
measurements can be made.
CHAPTER I I I
the measurement of the temperature dependent paramagnetic
SUSCEPTIBILITY OF SINGLE CHYSTAIS OF CHROMIC 
AND FERRIC ACETYLACETONATE
1 . Preliminary D iscussion and Crystal D escrip tion .
a . Introduction.
This chapter presents the r e su lts  of magnetic s u s c e p t ib il i ty  
measurements made on sev era l paramagnetic t r ic h e la te s ,  chromic and 
fe r r ic  acety laceton ate , in  the liq u id  helium temperature range. The 
orien ta tion  of the c r y s ta llin e  axes was determined by reference to  
an a r t ic le  by W. T. A stbury^ on the c r y s ta l stru ctu re of sev era l o f  
the acety laceton ates and the designation  o f these axes i s  in  accord 
w ith th is  a r t i c l e .  We are indebted to H. S . J a rrett o f the Du Pont 
Chemical Department Experimental S tation  fo r  furn ish ing the supply  
of chromic and fe r r ic  acety laceton ate fo r  these experiments.
b . The s in g le  c r y s ta l of chromic a cety la ceto n a te♦
S ingle  c r y s ta ls  o f chromic acety laceton ate were grown by eva­
poration from absolute a lcohol so lu tio n  a t  room temperature fo r  a 
period o f  about s ix  weeks. Fran th is  group of c r y s ta ls  we se le c te d  
the la r g e s t  c r y s ta l fo r  our measurements. Figure 11 shows the 
approximate geometry and the assignment of the axes a , b , and c o f
Yf. T. Astbury, The Structure and Isotrimorphism of the  
Tervalent M eta llic  A cetylacetones. Proc. Roy. Soc. 
T ^ndonT lIgA T T O  0.925')'. --------
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FIGUKE 11
THE SINGLE CHYSTAL OF CHBOMIC ACETYLACETONATE
the m onoclinic system; angle ^  99° • The c r y s ta l mass was 
68.3 -  0 .1  m illigram s and the d en sity , 1.3U grams/cm^. From the  
mass and d en sity  the volume V of the c r y s ta l i s  computed as
V = .0510 cm3 
c * s in g le  c r y s ta l o f fe r r ic  a cety la ceto n a te .
This c r y s ta l was grown and se le c ted  in  the same manner as the 
chromic acety laceton ate c r y s ta l o f Section  lb . The c r y s ta l geometry 
and the or ien ta tion  of the orthorhombic axes a , b , and c are shown 
in  Figure 12. This almost p er fec t hexagonal d isc has a mass of 
35.5 m illigram s. The c r y s ta llin e  d en sity  i s  1.33 grams/cm^.
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FIGURE 12
THE SINGLE CRYSTAL OF FERRIC ACETYLACETONATE
d. The determination of the paramagnetic s u s c e p t ib i l i t y .
Inasmuch as these c r y sta ls  are most l ik e ly  m agnetically  an iso­
trop ic the b e s t  we can do is  to make an approximate measurement to  
determine the degree o f anisotropy. We w i l l  p lace the external 
magnetic f i e ld ,  in  three d iffe r e n t  s e t s  of measurements, along the 
c r y s ta llin e  b and c-axes and perpendicular to the bc-p lane. In 
each experiment we w i l l  assume that the external f i e ld  produces a 
uniform m agnetization of the c r y s ta l in  the d irectio n  of the applied  
external f i e ld .  A fter assuming th is  we w i l l  c a lcu la te  the suscep­
t i b i l i t y  0 ^ , in  accordance with the d e f in it io n  of X 0 in  Equation 
lU , by use of Equation 2Uj the use of th ese equations n e c e ss ita te s  
a ca lib ra tio n  run with a s a l t  whose properties are well-known and 
th is  ca lib ra tio n  w i l l  be shown in  Section  2 of th is  chapter.
A fter we have ca lcu la ted  the s u s c e p t ib i l i t y  fo r  each o f the
three or ien ta tion s given above, we can improve the approximation by 
determining the depolarizing  fa c to r  defined  in  Equation 7 by use of  
Equation 5 . The f e r r ic  acety laceton ate  c r y s ta l i s  an alm ost p er fec t  
hexagonal d isc  and the chronic acety laceton ate i s  n early  such. We 
therefore have used Equation 6 to  compute depolarizing  fa c to rs  fo r  
the case of uniform p o la r iza tio n  o f the c r y s ta l in  the fu rth er  approx­
imation of a p er fec t hexagonal d isc  and fin d
where Nx  i s  the d ep o lariz in g  fa c to r  fo r  axes th a t are perpendicular  
to  the hexagon c y lin d r ic a l a x is ,  N() i s  p a r a lle l to  the cy lin d er  
a x is ,  t  i s  the th ickness of the c y lin d er , and d i s  the diameter which 
b ise c ts  perpendicularly two opposite hexagonal s id e s .
The ap p lica tion  of Equation 30 to  the fe r r ic  acety laceton ate  
c r y s ta l described in  Section  l c ,  above, leads to  
Nj_ =  0 .8 6 2  -tr
In applying Equation 30 to  the chromic acety laceton ate c r y s ta l  
described in  Section  lb ,  above, we assume d = 5 .5  mm. and t  = 3 m m ,  
and compute
(30)
N(| = 2.277 TT (31)
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2 . Experimental Arrangement and Prelim inary C alib ration s.
a . Specimen mounting.
Section  Id of th is chapter in d icated  th a t measurements would be 
made along three axes and a lso  that a ca lib ra tio n  would be carried  
out w ith  a known substance. The experiments o f th is  chapter are done 
in  the same specimen chamber, w ith  the same cry o sta t c o i l s ,  and 
otherwise are in  accordance w ith Figure 7 w ith the exception th a t the 
specimen mounting, i . e .  the assembly term inating in  a brass screw, 
i s  s l ig h t ly  d iffe r e n t . The specimen mounting i s  shown in  Figure 13j 
the three cases shown are
Case 1 . A cetylacetonate c r y s ta ls  mounted fo r  measure­
ments in  the plane of the hexagonal d isc  
shapes; i . e . ,  e ith e r  along the b -a x is  or 
along the ax is  perpendicular to  the bc-p lane.
Case 2 . A cetylacetonate c ry sta ls  mounted fo r  measure­
ments along the c -a x is .
Case 3 . A sphere of chrome alum mounted fo r  ca lib ra ­
tio n  purposes.
The various specimens are fastened  in  th e ir  resp ectiv e  holders by 
len s t is s u e  and Du Pont aceta te  cement.
b . Bridge- cry o sta t c o i l  c a lib r a tio n .
In order to  ca lib ra te  the bridge and cry o sta t c o i l  system we 
have placed a sphere of p o ly c ry sta llin e  chrane alum a t  the center  
of the lower secondary c o i l  sectio n  as ind icated  by Case 3 o f  
Figure 13. The magnetic properties o f chrome alum are b est  known
CASE I CASE 2 CASE 3
^ 3 m m  x 0.1 WALL 
GERMAN SILVER TUBE
TRIANGULAR
SPACER
NYLON
SPECIMEN
{ 1 SPECIMEN MOUNTING 
DETAILS
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among the various paramagnetic s a l t s  and to  good approximation the 
s u s c e p t ib i l i t y ^  i s  given as
JC gr 5 ^  = 3.73 x 10-3/T  ^ / g m
d = 1.83 m/cm?
X  = 6 .81  x 10“3/T  enm/cm3 
in  the  l iq u id  helium reg io n . I t  i s  d i f f i c u l t  to  a s c e r ta in  w hether 
the  above s u s c e p t ib i l i ty  v a lu e  should  be c o rre c te d  fo r  th e  s p h e r ic a l  
specimen th a t  we use} inasmuch as C u r ie 's  Law shou ld  hold  only  f o r  
s p h e r ic a l  geometry we b e lie v e  th e  q u a n tity  OC above i s  a c tu a l ly  the  
q u a n tity  expressed in  Equation 15 w ith  N s e t  equal to  k Tr/3  f o r  
s p h e r ic a l  geometry so th a t  J(0 = We make th is  assum ption n o tin g
th a t  only  a s e v e ra l  p e rc e n t e r ro r  would be in tro d u ced  in  th e  c a l ib r a ­
t io n  should  th is  assum ption be wrong and adopt as a  s ta n d a rd iz in g
v a lu e  r  6 .81  x 10“3/T  f o r  a chrome alum sp h e re .
According to the work of Section  Iti o f Chapter I we have fo r  
the case of the chrome alum ca lib ra tio n  experiment in  the liq u id  
helium temperature range
y3 -  y |  = (K(3*A)(X§VS) (33)
I f  we now do the ca lib ra tio n  experiment in d icated  and then p lo t  the
observed values of y5 versus l /T  where T i s  ca lcu la ted  from the 
helium vapor pressure curve of th e  liq u id  helium bath in  equilibrium  
w ith  the vapor and the specimen, the s lo p e  of the an tic ip a ted  
s tr a ig h t  l in e  p lo t  i s  ju s t  the constant term (K^ 3 ^AjCqV6 ! ) .  S ince  
(X g ^ T ) i s  known fo r  the specimen, the quantity (K|3*a ) can be
15 K.B.G. Casmir, Magnetism and Very Low Tem peratures. Cambridge Uni­
v e r s i ty  P re s s , lSUb'. C. J .  G orter e t . a l . ,  Leiden Camm.,222d. (1933).
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determined so th at fo r  subsequent experiments w ith  an unknown s a l t  
we have the re la tio n sh ip
7  -  7 o  = <K/**A) O k )
The sp h er ica l shaped c r y s ta l o f chrome alum used fo r  th is  ex­
periment has a mass o f O.369I+ gm. as determined by an a n a ly tic a l  
balance. We can then ca lc u la te  QCqV8 as fo llow s:
X s0 V* S X gr®  -  ~ 38' ?  1Q~3 c .g . s .  units (35)
The experiment ou tlin ed  above was performed on February 1+, 1955 
and the r e su lts  are tabulated in  Table VI. In Figure 11+ the parameter 
y® i s  shown p lo tted  aga in st the rec ip roca l o f the temperature, th is  
data being obtained from Table VI.
From the p lo tted  data in  Figure lli i t  i s  obvious that the c a l i ­
bration  curve i s  not continuous through the ci-p o in t o f liq u id  helium. 
I t  should be noted th a t the c o i l s  are in  the liq u id  helium bath and 
undoubtedly the d isco n tin u ity  and sm all slope change are assoc ia ted  
w ith  the phase tr a n sit io n ; n o tice  a lso  th is  e f f e c t  in  the dummy run 
where th is  i s  shown in  Figure 10. Graphical and le a s t  squares f i t s  
were made of the points o f Figure 11+ except fo r  the three low est 
poin ts temperature-wise where i t  i s  questionable i f  the observed 
vapor pressure data i s  r e l ia b le .  These f i t s  g ive the re la tio n sh ip  
between y8 and T as fo llow s:
Above the f l-p t:  y® -  260 = 2381 (-ir)
-1 ( 36 )
Below the ft-p t: 7s -  273.5 = 21+08.5 ( ~ “)
In Thble VI the computation o f the temperature by Equation 36 i s
shown as T(y®) and the la s t  column shows T -  T^y®). Since the quan­
t i t y  \[T -  T(y®)3 i s  the d ev ia tion  o f the f i t t e d  curve from the
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TABLE VI
Chrome Alum C alibration Experiment Data
Vapor 
Pressure 
in  M.M.
of
Mercury
Vapor 
Pressure 
in  M.M. 
of O il
p0 i l
In
Duodial
Units
r
In
Ohms
R
In
Degrees
Kelvin
T V t y8 T(ys) T-TCy*3)
763 827 10 1*.216°K 0.2372 826 1*.206°K +0.010°K
520 1+1+1 20 3.839 0.2605 880 3.81*0 -0 .001
338 1+71+ 20 3.1*61* 0.2885 91*6 3.1*71 -0 .007
202 518 20 3.071+ 0.3253 1031* 3.076 -0 .002
100.5 582 20 2.61*1 0.3785 1162 2.61*0 +0.001
60 631.5 20 2.380 0.1*202 1261 2.380 +0.000
526 69 8 20 2.11*9 0.1*653 1393 2.152 -0 .002
362 737 20 2.010 0.1*975 11*71 2.011 -0 .001
213 793 20 1.81*1 0.51*32 1583 1.81*0 +0.001
180 809 20 1.792 0.5578 1615 1.795 -0 .003
121 852.5 20 1.687 0.5927 1702 1.686 +0.001
89 885 20 1.613 0.6202 1767 1.613 0.000
1*8 951* 20 1.1*76 0.6775 1901* 1.1*77 -0 .0 0 1
19 529 1*0 1.293 0.7733 2108 1.313 -0 .020
11 565 l+o 1.223 0.8176 2251 1.218 +0.005
1* 627 1+0 1.090 0.9171* 21*98 1.083 40.007
During Experim ent:
o _ nw»0 = 1
m = 5  mh.
52 *  L eft
53 Up
Re a 0 .2 8 7 —> 0.285 ohms as temperature decreased. 
At A -p t. an abrupt change in  y5 , Ay5 ^  1*0, noted.
S p ec ia l Note:
O il Pressure converted to  Mercury Pressure by re la tio n
„ PQil
%  • I T
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temperature points measured vapor pres sure-"wise, i t  i s  seen th at to  
e x c e lle n t  approximation s tr a ig h t  l in e  re la tio n sh ip s e x i s t  between 
y8 and (^ /t) .
By Equations 33, 35, and 36 we compute the value of the constant 
(K/3*A) fo r  use in  Equation 3h as
Above the A -p t:  (K/a^A) -  1.73 x  10^
a  ( 3 7 )
Below the ft-p t:  (K (3*A) s  1.7U x  10°
In Equation 37 we have rounded o f f  the values to three s ig n if ic a n t  
figu res inasmuch as the s u s c e p t ib il i ty  o f chrome alum i s  only th at  
w e ll known. Further the 1% or le s s  error in  the values above and 
below the ft.-p o in t i s  comparable w ith  th is  error so we choose to  use  
the value below the rt-poin t in  subsequent work. We do not describe  
here the resu lts  o f an e a r lie r  ca lib ra tio n  performed w ith  a very  
irregu lar  and sm aller p iece  o f chrome alum but i t  i s  o f in te r e s t  to  
note th a t a value fo r  (K was obtained th a t was only h% larger  
than given in  Equation 37.
c . Ihe ca lib ra tio n  o f an a u x ilia ry  carbon resista n ce  thermometer.
Since i t  i s  very  d i f f i c u l t  to make accurate temperature measure­
ments w ith a helium vapor pressure thermometer in  the region below 
about l.i»°K we wish to ca lib ra te  a more s e n s it iv e  thermometer fo r  
use in  th is  lower temperature region .
A ten ohm "Ohmite” carbon r e s is to r  was s e le c te d , the in su la tio n  
removed, and the r e s is to r  p osition ed  ju s t  below the cryosta t c o i ls  
on the specimen chamber. Separate current and vo ltage leads were 
brought out of the dewar system. A constant current was maintained 
through the r e s is to r  and i t s  value was U x 10"^ ampere; th is  was
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monitored by p lacin g  a thousand ohm standard r e s is to r  in  s e r ie s  "with
the resista n ce  thermometer and by measuring the v o lta g e  drop across
the standard r e s is to r  with a Rubicon Potentiom eter. The v o lta g e
drop, V, across the carbon r e s is to r  as measured on another Rubicon
Potentiom eter i s  then proportional to the carbon r e s is to r  re s is ta n c e .
According to Clements e t .  a l . , ^  the re la tio n sh ip  between the v o lta g e
V and the temperature should be of the form
lo g ic  v 4. = A + B/t  (38)
logioV
in  the region of in te r e s t .
We have chosen to carry out the ca lib ra tio n  ag a in st the parameter
ys o f the preceding s e c tio n  inasmuch as th is  parameter i s  in v erse ly
proportional to the temperature and a lso  because we had sev era l of
these values in  the region o f temperature where the vapor pressure
thermometer was somewhat inaccurate. C ertainly Equation 38 may be
expressed in  the form
lo g I0V + JSL. -  A' + B'y* (39)
lo^V
A le a s t  squares f i t  was made to  Equation 39 w ith  XU p oin ts o f obser­
vation  below the & -p o in t and then by v ir tu e  o f the r e la tio n  between 
7s  and ( V t )  the curve was put back in to  the form of Equation 38 and 
we obtained
1  .  (0 .7253) lo g 10 V * -  0.6231 (UO)
In Ihble VII we compare the temperatures computed by Equation UO,
Tc , w ith  the actu al temperatures T as measured by the vapor pressure
16 Clements e t .  a l .  R. S . I .  2lj_, 5U5 (1953).
-p o in t
71
TABLE VII 
Carbon Resistance Thermometer Data
T V Tc T-Tc
1*.216°K 3.20 2.292°K 4* 1.92l*°K
3.839 3.73 2.1*76 + 1.363
3.1*6h i*.33 2.571* + 0.890
3.071* 5.27 2.595 + 0.1*79
2.61*1 6.95 2.1*80 + 0.161
2.380 8.50 2.339 + 0.01*1
2.11*9 11.01 2.131* + 0.015
2.010 12.89 2.010 + 0.000
1.81*1 16.01 1.81*8 -  0.007
1.792 17.12 1.800 -  0.008
1.687 20.30 1.686 + 0.001
1.613 22.80 1.611* -  0.001
1.1*76 29.20 1.1*71* + 0.002
1.293 1*1.80 1.301 -  0.008
1.223 52.73 1.205 + 0.018
1.090 75.75 1.080 + 0.010
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thermometer from Table VI. For V in  Equation I4.O the Knbicon measure­
ment in  u n its  of m il l iv o lt s  should be used.
With reference to Table VII the f i t  i s  reasonably good below  
the ft-p o in t5 however, in  the region of in te r e s t  a p o ssib le  error  
o f 0 . 01°K i s  cer ta in ly  probable. Subsequent observations show th at  
the thermometer i s  reproducable.
3 . Experimental S u sc e p tib ility  Measurements on Chromic and Ferric
a . Introduction.
As the re su lt  o f the c o i l  ca lib ra tio n  in  Section  2b o f th is  
chapter and s p e c if ic a l ly  by Equations 37 and 3U the s u s c e p t ib il ity  
X o  i s  re la ted  to the parameter y  by the re la tio n
= ( l . 7h " x 7 10^ ; v  ^ l )
where V i s  the specimen volume. With knowledge o f the re su lts  we 
remark th at the value yD i s  not w e ll knownj however, s in ce  y  w i l l  be 
a function  of temperature we w i l l  be ab le to  present an accurate 
d escrip tion  of the varia tion  of 0Co w ith  temperature, i . e . ,  the slop e  
o f the curves w i l l  be accurate. Since curvature in  a p lo t  o f 0Co 
versus l /T  w i l l  e x i s t  i t  i s  not correct to assume th a t the constant 
term in  Equation 1|1 may be evaluated by an extrapolation  to in f in i t e  
temperature; i f  th is  could be done, as in  the case o f chrome alum, 
the determined would be the temperature dependent paramagnetic 
s u s c e p t ib il i ty .  N everth eless, to  a f i r s t  approximation, yG can be 
considered the value obtained in  the dummy run reported in  Table IV
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and shown in  Figure 11, which we now la b e l as yg . Since there s t i l l  
may be a fu rth er correction  necessary we then express Equation Ul as 
OCo + € = (y  -  y § ) /  (1.71* x  106 ) V (1*2)
where G recognizes the p ossib le  ex isten ce  of temperature independent 
paramagnetism and diamagnetism or other va ria tio n s in  the absolute  
s u s c e p t ib il i ty  le v e l .
I t  i s  in ter e st in g  to mention here th at we attempted an experim ental 
measurement along the c -a x is  o f chromic acety lacetonate on an extremely  
humid day and th at d isc o n t in u it ie s , caused by sudden d r if t s  in  the 
value of y ,  were obtained in  the y  versus l /T  p lo t . A la te r  run was 
made on a dry day and no such d isc o n tin u itie s  occurred; in  f a c t  no 
other such experience was ever noted before or a f te r  t h is .  This run 
i s  not reported in  the th e s is  s in ce  the rate o f change of C0o w ith  
temperature, apart frcsn the d isc o n t in u it ie s , agreed in  the two experi­
ments. What we wish to p o in t out i s  that a t  i*°K the i n i t i a l  values  
o f y  d iffered  by approximately 100 u n its  which in  th a t p a rticu la r  
experiment means that €  might be of the order of 10“3 e .g . s .  u n its .
We therefore only claim accuracy in  representing the temperature 
v a r ia tio n  of the s u s c e p t ib i l i ty ,
b . Chromic acety la ceto n a te .
Three experiments were performed w ith  the s in g le  c r y s ta l shown 
in  Figure 11 of Section  lb  of th is  chapter where the c r y s ta l volume 
V i s  given . Therefore fo r  the experiments in  th is  s e c tio n , Equation 
1*2 i s  w ritten  as
OCo +6 =: y  -  y§/(1.7l* x  106 )V = (1 .13  x  10“5 ) (y  -  yg) (1*3)
7h
Table VIII g ives the r e su lts  o f  the experiment performed on 
March 1 , 1955 fo r  the measuring f i e ld  H0 along an ax is  perpendicular 
to  the c r y s ta l bc-p lane.
Table IX gives the r e s u lts  of the experiment done on February 
23, 1955 'with the measuring f i e ld  along the c r y s ta l l in e  b -a x is .
Table X, s im ila r ly , contains the re su lts  fo r  the experiment per­
formed on March 7, 1955 with the measuring f i e ld  along the c r y s ta l­
l in e  c -a x is .
The various data fo r  the three experiments are shown in  Figure 
15 which i s  a p lo t  o f X 0 + G , as computed by Equation U3, versus  
the recip rocal o f the temperature. The curves are c le a r ly  la b e lle d  
as to  ax is along which the measuring f i e l d  was applied; fu r th er , a 
d iffe r e n t  value fo r  €  i s  p o ss ib le  fo r  each curve w ith  the approxi­
mate l im it  o f €  represented by |£.| 1 emu/cm^
c . Ferric A cetylacetonate.
Three experiments were performed w ith the s in g le  c r y s ta l  shown 
in  Figure 12 of Section  l c  of th is  chapter. The c r y s ta l volume i s  
given in  Section  l c  and thus fo r  the experiments in  th is  se c tio n  we 
may rew rite Equation 1+2 as
OCo + e  -  (y -  yS )/(1 .7U  x 1(£)V =* (2 .1 5  x  1 0 -5 )(y  -  y j )
Table XI gives the r e su lts  o f  the experiment done January 25, 
1955 w ith the measuring f i e ld  H0 along the c r y s ta ll in e  a -a x is .
Thble XII s im ila r ly  g ives the r e su lts  o f work of January 21, 
1955 w ith the f i e ld  along the c r y s ta ll in e  b -a x is .
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TABLE VIII
Experimental Data fo r  the S u sc e p t ib ility  Measurement Along an Axis
Perpendicular to the C rysta llin e  be-plane o f Chromic A cetylacetonate
Observed Data_______________  Computed Data
Vapor Pressure 
PHG POil
Carbon
R esistor
V
Bridge 
Parameters 
r R T l/T 7 10-3
71:2 mm 371.5 10 282 1*.187°K .2388 371 I .017
3U8 383.0 10 27U 3.U87 .2868 383 1.232
205 397.7 10 27U 3.081: .321:3 398 1.1*01
102 1*17.0 10 27k 2.61:9 .3775 u n 1.616
63 1*30.0 10 27h 2.1*03 .1:162 1*30 1.763
539 mm 1*51*. 0 10 282 2.159 .1:632 U5U 1.91:3
36U U63.5 10 282 2.012 .1*970 1:63 2.01:5
223 1:75.0 10 282 1.855 .5391 U7U 2.169
181 1*80.0 10 282 1.791: .5571: 1:79 2.226
119 188.3 10 282 1.683 .591*2 1*88 2.327
96 1:92.0 10 282 1.630 .6135 U91 2.361
SU 50U.0 10 282 1.500 .6667 503 2.1:97
U2 508.0 10 282 1.1*50 .6896 507 2.51:2
29 515.0 10 282 1.380 .721:6 51U 2.621
20 l|1.38m.v. 519.0 10 282 1.305 .7661 518 2.666
58.00 533.0 10 282 1.171 .8510: 532 2.821*
88.05 5U7.5 10 282 1.031* .9668 51:7 2.99U
Daring Experiment: 
m ■ 5 mh.
So * 1
52 s  L eft
53 = Up
% ■ 0 ,2  ohm
R2 ■ (929-*  931) x  5 ohms 
Ro s  720  ohms
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TABLE IX
Experimental Data fo r  the S u sc e p t ib ility  Measurement
Along the C rysta llin e b-a x is  o f Chromic A cetylacetonate
Observed D ata______________   Computed Data
Vapor Pressure 
PHG p0 i l
Carbon 
Resis tor  
V
Bridge 
Parameters 
r R y£ T l/T 7
<jCo+£
10-3
755 mm 381.0 10 282 l*.205°K .2378 381 1.118
337 1*05.0 10 271* 3.1*61 .2889 1*05 1.1*80
201 1*25.0 10 271* 3.081 .321*6 1*25 1.706
103 1*55.0 10 271* 2.655 .3766 1*55 2.01*6
61* 1*73.0 10 271* 2.1*10 .1*11*9 1*73 2.21*9
5U* mm 509.0 10 282 2.163 .1*623 508 2.553
360 527.5 10 282 2.008 .1*980 527 2.768
220 51*7.5 10 282 1.851 .51*02 51*7 2.991*
179 556.0 10 282 1.790 .5587 555 3.085
118 573.0 10 282 1.681 .591*9 572 3.277
56 601.0 10 282 1.508 .6631 600 3.593
30 622.0 10 282 1.387 .7210 621 3.830
12 53.08m.v. 656.0 10 282 1.201* .8306 655 1*.215
72.00 681.0 10 282 1.096 • 9121* 680 i*.l*97
101.65 710.0 10 282 0.993 1.0070 709 U.825
During Experiment: 
m s  5  mh.
Sq 3 1
52 a L eft
53 a Up
El a 0 .2  ohms 
R2 a 931 x  5 ohms 
R3 = 720  ohms
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TABLE X
Experimental Data fo r  the S u sc e p t ib ility  Measurement 
Along the C rysta llin e  c -a x is  o f Chromic A cetylacetonate
Observed Data_______________  Computed Data
Carbon
Vapor Pressure R esistor Parameters
l /TPhg PQil V r R yo T 7 10“5
750 mm 14*7.0 10 282 i*.198°K .2380 1*1*6 1.853
3U5 1*51*. 0 10 271* 3.1*80 .2871* 1*51* 2.031*
206 1*71.0 10 271* 3.087 .3239 1*71 2.226
101* 1*91*. 0 10 271* 2.660 .3759 1*91* 2 . 1*86
62 509.0 10 271* 2.395 .1*175 508 2.61*1*
531 mm 538.0 10 282 2.151* .1*61*2 537 2.881
36U 550.0 10 282 2.012 .1*970 51*9 3.017
221 561*. 0 10 282 1.851 . 51*02 563 3.175
182 569.5 10 282 1 .7  91* .5571* 569 3.21*3
120 581.5 10 282 1.685 .5935 581 3.378
97 588.0 10 282 1.633 . 6121* 587 3 .1*1*6
51* 603.5 10 282 1.500 .6667 603 3.627
1*3 608.5 10 282 1.1*51* .6878 608 3.683
30 617.0 10 282 1.387 .7210 616 3.771*
20 i*0 . 90m.v. 621*. 5 10 282 1.311 .7631 621* 3.861*
52.62 61*0.0 10 282 1.207 .8286 639 U.031*
52.95 61*0.5 10 282 1.205 .8303 61*0 l*.0l*5
101.50 673.5 10 282 0.993 1.0070 673 1*.1*18
During Experiment:
m s  5 mh.
Sq = 1
52 a Left
53 s  Up
R3 a 0 .2  ohms
R2 = (93i* ~ 933) x  5 ohms
R3 = 720 ohms
0
0
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TABLE XI
Experimental Data fo r  the S u sc e p t ib ility  Measurement Along an Axis 
Perpendicular to the C rysta llin e  bc-plane of Ferric A cetylacetonate
-Observed Data_______________  Computed Data
Vapor Pressure 
PHG p0 i l
Carbon Bridge 
R esistor Parameters 
V r  R y§ T 1/T 7 10“3
7k8.0mm 36k 10 282 k.i95°K • 238k 36k 1.76
3k3.5 J4O7 10 27k 3 .U76 .2877 k07 2.86
202.5 k36 10 27k 3.076 .3251 k36 3.k8
103.0 h7 5 10 27k 2.655 .3766 k75 k.32
63 .0 507 10 27k 2.H03 .k l6l 506 k.99
5k7 mm 552 10 282 2.166 .k6l7 551 5.79
356 579 10 282 2.019 .k953 578 6.37
220 609 10 282 1.851 .5k02 608 7.01
180 622 10 282 1.792 .5580 621 7.29
121 6I4.8 10 282 1.687 .5928 6k7 7 .85
115 661 10 282 1.67k .597k 660 8.13
93 668 10 282 1.622 .6165 667 8.28
k9 707 10 282 1.U80 .6757 706 9.12
19 770 10 282 1.311 .7628 769 10. k7
During Experiment:
m = $ mh.
S0 = 1
52 = L eft
53 s  Up
a 0 .2  ohm 
R2 = (935—>933) x  5 ohm 
R3 -  720 ohm
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TABLE XII
Experimental Data fo r  the S u sc e p t ib ility  Measurement
Along the C rystalline b-a x is  o f Ferric A cetylacetonate
Observed Data_______________ Computed Data
Vapor Pressure 
PHG p0 i l
Carbon Bridge 
R esistor Parameters 
V r R yg T 1/T 7
<Eo+6
10“3
71*2*.Omm 372.5 10 282 1*.189°K .2387 372 1.935
350.7 109.0 10 27k 3.1*91* .2862 1*19 3.118
208.2 1*52.0 10 27h 3.095 .3231 1*52 3.827
95.3 50U.0 10 27h 2.612 .3828 503 lt.921*
62.2 535.0 10 27k 2.397 .1*172 531* 5.590
1*0.5 566.0 10 27k 2.208 .1*529 565 6.260
51*6 mm 588.0 10 282 2.165 .1*619 587 6.560
363 618.0 10 282 2.011 .1*973 617 7.210
219 658.0 10 282 1.81*9 .51*08 657 8.070
173 676.0 10 282 1.780 .5618 675 8.1*50
121 701*. 0 10 282 1.687 .5928 703 9.050
91 729.0 10 282 1.617 . 6181* 728 9.590
1*9 779.0 10 282 1.1*80 .6757 778 10.670
19 860.0 10 282 1.311 .7628 859 12. 1*10
During experiment:
m = 5 mh.
S0 = 1
52 a L eft
53 a Up
s  0 .2  ohm 
R2 “ (935) x  5 ohm 
R3 s  720 ohm
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TABLE X III
Experimental Data fo r  the S u sc e p t ib ility  Measurement
Along the C rysta llin e  c -ax is  o f Ferric A cetylacetonate
Observed Data_______   Computed Data
Vapor Pressure 
PHG POil
Carbon
R esistor
V
Bridge 
Parameters 
r R yg T l/T 7
CCo+£
10-3
71*1*.Qmm 397 10 282 U.189°K .2387 397 2.1*7
31*0.0 1*18 10 27k 3.1*68 .2881* 1*18 3 .10
202.5 1*1*0 10 27k 3.076 .3251 1*39 3.55
105.0 I4-67 10 27k 2.665 .3752 1*66 1*.13
61.0 1*89 10 27k 2.388 .1*188 1*88 1*.60
528 mm 522 10 282 2.11*8 .1*655 521 5.11*
358 537 10 282 2.007 .1*983 536 5.1*6
221 557 10 282 1.851 .51*02 556 5.89
176 565 10 282 1.785 .5602 561* 6.07
115 580 10 282 1.671* .5971* 579 6.39
82 591* 10 282 1.593 .6277 593 6.69
18.5 I*2.59m.v. 61*1* 10 282 1.313 .7617 61*3 7.76
52.91 662 10 282 1.205 .8300 661 8.15
During Experiments
m a 5 mh.
S0 a 1
52 = L eft
53 = Up
R]_ 3  0 .2  ohm 
R2 = 932  x  5  ohm 
R3 = 720  ohm
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Table XIII lik ew ise  i s  a tabulation  of the experiment done 
February 1 , 1955 w ith the external f ie ld  along the c r y s ta llin e  
c -a x is .
The various s u s c e p t ib i l i t ie s  as computed by Equation lUi are 
p lo tted  versus th e recip rocal temperature in  Figure 16.
1*. A D iscussion of the Experimental S u sc e p t ib ility  Measurements 
on Chromic A cetylacetonate. 
a. The magnitude o f co rrec tio n s .
As p reviously  mentioned an accurate evaluation of the quantity  
€. i s  im possib le. For each experiment 6 i s  a f ix e d  value as i s  
in d icated  by a c o i l  ca lib ra tio n  w ith chrome alum. We b e liev e  i t  may 
be o f the order of magnitude of 10”3 cgs u n its .
Ere r e la t iv e  change in  s u s c e p t ib il i ty  i s  accurately  given by 
the p lo tted  data o f Figure 15 • I t  should be remembered that OCo i s  
defined  as the r a t io  of the m agnetization to the ex tern a l applied  
f i e ld .  In Chapter I we d iscu ssed  the re la tio n sh ip  of the various  
s u s c e p t ib il i ty  parameters, and the re la tio n sh ip s are s p e c if ic a l ly  
defined  in  Equations 13 and 15. The demagnetization fa c to r  N has 
been computed under Section  2d of th is  chapterj and we now give the 
r e s u lt  o f the su b stitu tio n  of the values N in to  Equations 13 and 15.
For the cases in  which the extern al f i e l d  i s  p a r a lle l to  the 
plane o f the c r y s ta l ,  i . e . ,  the f i e ld  along the b -a x is  or along a 
perpendicular to  the bc-plane we f in d  th a t
For the case in  which the ex tern a l f i e ld  i s  p a r a lle l  to the ax is  
of the hexagonal cy lin d er; i . e . ,  the f i e ld  along the c r y s ta llin e  
c -a x is ,  we fin d  that
QC = f fo
l- ( 8 .? 6 )  (£ 0
x ± =  ------------ — -------
1-CU.78) CC0
We are in terested  most in  the s u s c e p t ib i l i t y * # i  which i s  the 
ra tio  of the m agnetization to the in te r io r  f i e ld  a t  a paramagnetic 
io n . Table XIV shows the computation of these * £ j_ from the data of  
Tables V III, IX, and X; in  th is  computation we have a r b itr a r ily  s e t  
€ equal to zero, or a lte r n a tiv e ly , we have taken # 0 + €  of the 
tab les as of the above formulae fo r  CC± . This means that to 
good approximation the v a r ia tio n  of w ith temperature i s  co rr ec tly  
given but th a t there may be a sm all error in  the absolute su scep ti­
b i l i t y  le v e l .
k* Theoretical ca lcu la tio n  o f the s u s e e p t ib i l i t y .
In a recent a r t ic le  Singer^7 has made a d eta iled  study of para­
magnetic resonance absorption in  s in g le  c r y s ta ls  of chromic a cety la ce­
tonate a t  room temperature. According to e a r lie r  crysta llograp h ic
17 L. S. S inger, J. Chem. Phys. 23, 379 (1995).
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TABLE XIV
The Ionic S u sc e p t ib ility , O Cj, of Chromic A cetylacetonate
Along axis
to  be-plane Along b -ax is  Along c -a x is
V t tfo+e
10-3
'^i / l 0 “3 V t £to+£10-3 ^ / l 0 - 3
V t iTo+e
10-3
io
.2388 1.017 1.015 .2378 1.118 1.113 .2380 1.853 1.869
.2868 1.232 1.228 .2889 1.1*80 1.1*75 .2871* 2.031* 2.051*
.321*3 1.1*01 1.396 .321*6 1.706 1.699 .3239 2.226 2.250
.3775 1.616 1.610 .3766 2.01*6 2.036 .3759 2.186 2.501*
.1*162 1.763 1.756 .1*11*9 2.21*9 2.237 .1*175 2.61*1* 2.677
.1*632 1.91*3 1.931* .1*623 2.553 2.538 .1*61*2 2.881 2.921
.1*970 2.01*5 2.035 .1*980 2.768 2.750 .1*970 3.017 3.050
.5391 2.169 2.158 .51*02 2.991* 2.973 .51*02 3.175 3.223
.5571* 2.226 2.211* .5587 3.085 3.063 .5571* 3.21*3 3.293
.591*2 2.327 2.311* .591*9 3.277 3.252 .5935 3.378 3.1*33
.6135 2.361 2.31*8 .6631 3.593 3.563 .6121* 3.10*6 3.503
.6667 2.1*97 2.1*82 .7210 3.830 3.795 .6667 3.627 3.690
.6896 2.51*2 2.527 .8306 1*.215 U.173 .6878 3.683 3.71*8
.721*6 2.621 2.605 .9121* 1*.1*97 1*.1*1*9 .7210 3.771* 3.81*2
.7661 2.666 2.61*9 1.0070 U.825 1*.770 .7631 3.861* 3.935
.851*1* 2.821* 2.805 .8286 l*.03l* U.112
.9668 2.991* 2.973 .8303 1*. .01*5 1+.123
1.0070 1*.1*18 i*.5n
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stu d ies there are fou r tr ic h e la te  "molecules’* per u n it  c e l l  which 
are two pairs o f enanticsnorphs, one p a ir  d if fe r in g  from another by 
a ro ta tion  about the c r y s ta llin e  b -a x is  by TT , To a f i r s t  approxi­
mation the resonance re su lts  are explained by a m olecule model th at  
assumes a c r y s ta llin e  f i e ld  o f a x ia l symmetry? the u n it  c e l l  then 
gives r i s 6 to two e le c tr ic  v e c to r s , i . e . ,  c r y s ta ll in e  axes. The 
p rin cip a l s u s c e p t ib il i ty  ax is b is e c ts  the angle between the e le c ­
t r ic  v e c to r s , the s u s c e p t ib il i ty  ax is  K2 i s  perpendicular to the 
plane of the e le c tr ic  v ec to rs , and the ax is  K3 i s  perpendicular to 
both and K>>. Figure 17 shows the a x ia l arrangement of the pro­
posed m olecular model w ith resp ect to  the c r y s ta ll in e  m onoclinic
6 7 . l i e s  along k
E lec tr ic  Vector 
^ = 31 ± 1° 
if = 22.5°
e-|, * -  u tu a lly  ^
Z. ac £  99°
c
FIGURE 17 
CHROMIC ACETYLACETONATE AXIS SYSTEM
ax is  system as determined by S inger. I t  turns out th a t the only  
energy s ta te  o f the 3 d -electron s in  the chromium ion  th at needs to  
be considered i s  the low est Russell-Saunders term kF which the cubic 
f i e ld  s p l i t s  in to  a s in g le t  and two t r ip le t s ,  the s in g le t  ly in g  
low est and having a fou rfo ld  spin degeneracy; the other F s ta te s  and 
higher Russell-Saunders terms ly in g  very much higher energywise.
On the b a sis  of the Singer molecular model fo r  the tr ic h e la te  
m olecule the spin  Hamiltonian with c r y s ta ll in e  f i e ld  term i s  
>1 = g^H-S * D [S z2 -  l s ( S  + 1 ) ]  
and the secu la r  equation i s
gU  -  J jp  ( i  + 20 x2 ) + lpc2(l-3 cos2 9 )£  + (^ j + 9x^ + ~  -3x^cos2©) 
where % s  Energy Eigenvalue 
6 = ^2D
x = g f3 h A d
0 5 angle between and H.
From h is  experimental work Singer has determined th a t  
g r  1.983 + 0.002
ID| = 0.592 ±  0.002 cm”1
Since we use a magnetic f ie ld  of the order of 1 gauss in  the  
s u s c e p t ib il i ty  determination cer ta in ly  I x l ^  1 so th at the secu lar  
equation may be so lved  by assuming a power se r ie s  expansion o f the 
form
€  = a + bx + cx2 + •••
From th is  assumed so lu tio n  we fin d  th at
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€ + 3  = i  + 3x | cos 0 1 4 3x2 s in 2© 4*9  2
h2+*«<
£ + 1  - _ i  + x  4 k  -  3cos2© -  3x? s in 2© +
~2 2 “
or that
_  _o (1 ) (2 ) ,
3 * 3  = »*3 = < 3  ♦ »+3 » * W+3 + •••
“ 2 “f  "2 ” 2
s  4- D + | |  g|3 |cos©l] H + ^ ^ ^ ^ s i n ^ j H 2 -f •••
3 + 1  S W+l = < 1  +W*i*H 4 W ^H 2 4 . . .
“2  ^2 “2 “ 2 ~2
= - D 4 g| 3 A - 3 c o s 2© j  H-  _ g £ £ £ s in £ ©  j
and the s u s c e p t ib il i ty  can be ca lcu la ted  according to Van Vleck^® as
as ;) zM th l -
n L kT J n
= N g2yg2 I"27/8 cos2© e"*D/ kT 4 ( V 2- V 8 cos2©)e+’D/kT
^ 3k L' t  cosh ^/kT
+ (jg ^ )s in 2© tanh D/kT J (1*5)
The four e le c tr ic  vectors a ssocia ted  w ith the u n it  c e l l  can be repre­
sented in  terms of the orthogonal system e^, eg , e^ as
( e z ) i .  r  4 c o s^  eg 4 s in  $  cos if e^ 4 s in ^  s in  if e^
(©z)2 = _ cos'f- + s in 'll cos if e^ + s in ^  s in  if e^
(e 2 )->. s  4 cos ^  e^ -  s in  $  cos if -  s in  $ s in  if e^
( e z)lt = ~ cos ^  e2 -  s in  ^  cos if e^ -  s in  $  s in  if e^
18 Chapter VI, J. H.  Van Vleck, E le c tr ic  and Magnetic Suscep­
t i b i l i t i e s  . Oxford, 1932,
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Since our observations are along the u n it  recto rs  o f th is  orthogo­
n a l system the s u s c e p t ib il i ty  ca lcu la tio n s are independent o f sign s  
in  fron t o f the above terms in  e~i,  ggf and 63, and, hence, we use  
only ( e g ) i  which i s  shown in  Figure 17.
The calcu lated  s u s c e p t ib il ity  values are shown in  Table XV. 
Throughout th is  sectio n  the f i e ld  H i s  the f i e ld  a t the io n , and, 
hence, the s u s c e p t ib i l i t ie s  ca lcu la ted  are OC^  in  the n otation  o f  
th is  t h e s is .
c .  D iscussion o f the graphical comparison of the th e o r e tic a l and 
experimental s u s c e p t ib i l i t ie s .
Figures 18, 19 , and 20 compare the experimental and th e o r e tic a l  
s u s c e p t ib il ity  values obtained fo r  the three axes. The agreement 
between theory and experiment i s  poor except fo r  the values obtain­
ed along the c r y s ta llin e  b -a x is .  The d iscrepancies may be due 
e ith e r  to  changes in  the chromic acety laceton ate u n it  c e l l  structure  
a t  low temperatures or to  the p o s s ib i l i t y  th a t the model i s  too  
sim plej i t  must be remembered th a t S inger’s th e o r e tic a l an a ly sis  
was applied  to  d ilu ted  s a lt s  a t  room temperature. I t  i s  o f in te r e s t  
to  mention th at S inger, in  a p rivate  communication^, has advised  
th a t J . Owen a t  Oxford and he, independently, have found th a t w ith  
a d ilu te  c r y s ta l o f chromic acety laceton ate the u n it c e l l  structure  
apparently undergoes tra n sitio n s  a t  low temperatures. We b e lie v e  
th a t a complete paramagnetic resonance study a t  helium temperatures 
would prove most in te r e s t in g .
^ P r iv a te  communication. L. S . S in ger, N.R.L.,  to  
J. 0 . Daunt, O.S.U., dated January 6 , 1955*
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TABLE XV
The T heoretical S u sc e p t ib ility  o f Chromic A cetylacetanate
1* Preliminary c a lc u la tio n s :
Ng2/3^/3kV s  1 .89 x  10“3 erg deg gauss"^ Cm-3 
D/k a  0 .85l°K .
H ll to  &2 (b -a x is)  s 0 = arccos(ep»e^) -  31°
1  II to  e^ (c -a x is )  : © * arccos(e3*e g) s  6l°35*
1  II to  e^ ( JL to  bc«^?lane) : © 3 arccos(e^*e2 ) -  78°38*
2 . S u sc e p t ib ility  ca lcu la tio n s ( X l i n  u n its  o f emu/cm^):
b -a x is_________ c-a x is________ to  bc-plane
T 1/T £ i A 0 “3 . ^ •A o -3 2 iA o - 3
3.1*15 °K 0.293 1 .81 1.75 2 . 2JU
2.588 0.386 2 .31 2.32 3 .oo
1.986 0. 501* 2.81* 3.0U 3.96
1.671* 0.597 3 .21 3 .61 U.75
1.356 0.738 3.7U U.78 5.81*
o o  -  Exper imental  points
■ o  -  T h e o r e t i c a l  points
o
o
o
C H RO M IC  A C E T Y L A C E T O N A T E  S U S C E P T I B I L I T Y  
ALONG AXIS _L TO b e - P L A N E
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In a la te r  chapter ire w i l l  d iscu ss s u s c e p t ib il i ty  measurements 
made on a powder sphere o f Chromic A cetylacetonate. The s u s c e p t ib il­
i t y  ca lcu la tio n  i s  w e ll defined in  the case o f the powder sphere 
measurements and the re su lts  can be more p o s it iv e ly  compared w ith  
the p red iction s o f  the th e o re tic a l model when a random orien ta tion  
o f c r y s ta ll in e  axes may be assumed*
5 . A D iscussion  o f the Experimental S u sc e p t ib ility  Measurements 
On Ferric A cetylacetonate.
a . The magnitude of co rrectio n s .
The demagnetization fa c to r , N, fo r  the s in g le  c r y s ta l used in  
the measurements has been ca lcu la ted  in  S ection  Id o f th is  chapter*
We have then fo r  the cases in  which the ex tern a l f i e ld  i s  p a r a lle l  
to  the plane o f the c r y s ta l th a t  
X  = X0/ ( l  -  2,71 X0)
X ±  * 0Q>/(1 + 1.U8 X 0 )
and fo r  the case o f the extern a l f i e ld  p a r a lle l  to  the c r y s ta ll in e  
c -a x is  that
X  = X0/ ( l  -  7olS X0)
X±  * « 0/ ( l  -  2 .96  X0)
Again we are most in ter ested  in  the ic n ic  s u s c e p t ib il i ty  which 
i s  the r a t io  o f the m agnetization to  the in te r io r  f i e ld  Hj_ a t  the  
paramagnetic io n . Inasmuch as X 0 approaches 10“  ^ c . g . s .  u n its  in  
va lu e , the correction s are s l ig h t ly  larger than in  the case o f the 
chromic s a l t .  As b efo re , we assume th at £ i s  zero and then ca lcu la te  
XjL in  Table XVI from the data contained in  Tables XI, X II, and X III.
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TABLE XVI
The Ion ic S u sc e p t ib il i ty * (C^, o f  Ferric A cetylacetonate
Along a -a x ls  Along b -a x is  Along c-aadLs
1 Xn+e 1
i s f e
1
T5&5f looo f to w ? 17X5(5
0,238 1.76 1.76 0.239 1.94 1.93 0.239 2.47 2.49
.288 2.86 2.85 .286 3.12 3.10 .288 3.10 3.13
*.325 3.48 3.46 .323 3.83 3.82 .325 3.55 3.59
.377 4.32 4.29 .383 4.92 4.89 .375 4.13 4 .18
•4 l6 4.99 4.95 .417 5.59 5.55 .419 4 .60 4.66
.462 5.79 5.74 .453 6.26 6.20 .466 5.34 5.22
•495 6.37 6.31 .462 6.56 6.50 .498 5.46 5.55
.540 7.01 6.94 .497 7.21 7.13 .540 5.89 5.99
.558 7.29 7.21 .541 8.07 7.97 .560 6.07 6.18
.593 7.85 7.76 .562 8.45 8.34 .597 6.39 6.51
.597 8.13 8.03 .593 9.05 8.93 .628 6.69 6.82
.616 8.28 8.18 .618 9.59 9.45 .762 7.76 7.94
.676 9.12 9.00 .676 10.67 10.50 .830 8.15 8.35
.763 10.47 10.31 .763 12.41 12.18 - -
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b . The io n ic  s u s c e p t ib i l i t y , flfj
Figure 21 i s  a graph of the io n ic  s u s c e p t ib i l i t ie s  versus the 
recip rocal of the absolu te temperature in  the liq u id  helium region; 
the measurements are shown fo r  the external f ie ld  along the three  
c r y s ta llin e  axes and the data i s  contained in  Table XVI.
Ihe dotted l in e  in  Figure 21 represents the sp in -on ly  
s u s c e p t ib il i ty  which i s  computed in  accordance w ith C urie's law 
w ith g = 2 and S -  5 /2 .
□
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E x p e r i m e n t a l  
O * a -  a x i s 
a  s b - a x i s  
A  = c - a x i s
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F E R R I C  A C E T Y L A C E T O N A T E  S U S C E P T I B I L I T Y  X
CHAPTER IV
ADIABATIC DEMAGNETIZATION AND SUSCEPTIBILITT MEASUREMENT 
OF A POWDER SPHERE OF FERRIC ACETTLACETQNATE
1* Specimen Preparation and Mounting.
Ferric acety laceton ate cry sta ls  were ground to  a f in e  powder and 
placed in  a c y lin d r ic a l d ie .  The d ie  assembly was placed in  a hydrau­
l i c  press and the powder was pressed in to  a c y lin d r ic a l p i l l  under a 
pressure o f about 5000 p s i .  The powder d en sity  was determined g ra v i-  
m etr ica lly  and was found to  be the same as c r y s ta llin e  d en sity ; namely,
1.33 gm/cm3.
The c y lin d r ic a l p i l l  was shaped in to  a sphere by continuous scrap­
in g  w ith  a k n ife . The mass o f th is  sphere was 687*2 m illigram s, as 
determined by an a n a ly tica l balance, and the sp h er ica l diameter was 
Just under one centim eter.
This specimen was mounted as shown in  Figure 7 w ith  the exception  
th a t a new nylon cup was fashioned so  th at the sp h er ica l s a l t  was 
located  a t the center of the secondary c o i l  s e c t io n . The specimen was 
fastened  in  the nylon cup w ith  len s t is s u e  and aceta te  cement.
2 . Thermometer C alibration and S u sc e p tib ility  Measurement,
a . Introduction
In th is  s e c tio n , Section  2 , we are concerned w ith the v a r ia tio n  o f  
the bridge parameters, as described in  Section  Ui o f Chapter I ,  w ith  
the absolute temperature as measured by the vapor pressure and carbon 
res ista n ce  thermometers in  the liq u id  helium reg ion . We w i l l  compute
98
9 9
the powder s u s c e p t ib il i ty  and show i t s  va r ia tio n  w ith  temperature. In  
ad d ition , s in ce  ad iabatic demagnetization cy c les  w i l l  be carried  out 
w ith  the specimen, we w i l l  need a thermometer for  specimen temperatures 
in  the region below l°Kj th erefore , we w i l l  d efin e a magnetic tempera­
ture sc a le  by the extrapolation  o f the Curie-^feiss law which f i t s  the  
data in  the helium temperature reg ion .
The various data obtained in  the ca lib ra tio n  procedure in  the 
liq u id  helium range are given in  Table XVII.
b . The re la tio n sh ip  between bridge parameters jr and y *.
The parameters y  and y* and th e ir  re la tio n sh ip  to  the s u s c e p t ib i l -  
i t y  X0 i s  described in  Section  Ui o f Chapter I .  In S ection  2b of  
Chapter I I I  a standardization experiment was carried out to  determine 
the value of unknown constants in  the re la tio n sh ip  between the param­
e te r  y  and the s u s c e p t ib il i ty  X 0 and th ese values are given in  
Equation 37•
For the work o f th is  chapter we need to  extend the range o f the  
bridge} th erefore , we must in v e st ig a te  the re la tio n sh ip  of y* to  y  and 
e s ta b lish  th at th is  re la tio n sh ip  i s  lin e a r  before y 1 can be accepted  
as an u se fu l parameter. In Figure 22 we show a graph of y 1 versus y ,  
the data being obtained from the simultaneous readings contained in  
Table XVII. From th is  p lo t  we fin d  that  
y* = (1 .0 3 )y -  8 .5  
We now have estab lish ed  y 1 as an u se fu l parameter s in ce  the in tercep t  
value may be n eg lected  inasmuch as i t s  value i s  comparable w ith  the 
error in  the reading o f y  when using large values o f the bridge  
r e s is to r  R.
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TABLE XVII 
S u sc e p t ib ility  and Thermometer Data fo r  
Powder Sphere o f Ferric A cetylacetonate
1 . Observed data:
Thennometers Bridge Parameters
Item
No.
Vapor
Pressure
Carbon
R esistor m = 5 rah. m *  50 mh.
pHg p0 i l V r R r R
1 753.6 mm 775.0 50 795.0 5
2 31+3.0 935.0 50 937.0 5
3 203.5 637.0 80 651.0 8
h 103.0 72U.0 80 71+0 .0 8
5 62.5 790.0 80 807.0 8
6 51+6.5 mm 875.5 80 8 91.5 8
7 365.5 931.0 80 951.7 8
8 212.8 800.0 100 816.0 10
9 183.0 823.0 100 81+0.0 10
10 118.5 871.5 100 890.0 10
11 55 .0 27. 61+ raw 956.0 100 975.0 10
12 30 .0 31+.18 - - 518.5 20
13 10 .0 51+.6 mm - 587.0 20
D u r in g  e x p e r i m e n t :
S  =  1
52 *  Left
53 = Dp
With m = 5 mh.
Rn *  0 .2  ohm
R2 s  (921+ to  9010 x  5 ohm 
R^  »  720 ohm
With m 8 50 mh.
Rn = 0 .2  ohm
R2 *  (928 to  912) x  5 ohm 
R3 *  720 ohm
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TABLE XVII (CONTINUED)
2 . Computed data:
Item No* T 1
f
y y 1 y?
1 H.203 °K 0.238 3856 3973 282
2 3.1*75 .288 U552 1*683 273
3 3.079 .325 5055 5201* 273
1* 2.659 .377 571*6 5915 273
5 2.399 •1*17 6269 61*51 273
6 2.165 •1*62 691*8 7150 282
7 2.011* •1*97 7388 7608 282
8 1.81*3 •51*3 7920 8152 282
9 1.797 .558 811*8 8392 282
10 1.682 .595 8628 8891 282
11 1.50U .665 91*61* 971*0 282
12 1.393 .718 - 1031*9 282
13 1.192 .839 - 11717 282
102
13,000
12,000
11,000
10,000
y
9,000
8,000
7,000
6,000
5,000
T H E R E L A T I O N S H I P  B E T W E E N  
BRIDGE P A R A M E T E R S  y 1 and y4,000
3,000
9,0005,000 7,000 11,0003,000
— - y
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c .  The suBCeptibility-teniperature relationship for a powder sphere 
of ferric acetylacetonate.
Since we are using a powder sphere having c r y s ta llin e  d en sity  we
have by Equations 12, 13 , and 15 th a t
t f o -  < % » . , ,  X. . . . . . .
1 + Utt 3C/3
Combining Equations 3U and 37, Section  3a o f Chapter H I ,  and the 
inform ation given in  Section  1 o f th is  chapter, we arrive a t  the  
re la tio n sh ip  between y  and the s u s c e p t ib il ity
0C± = CC0 = (y -  yg)A(1.7ljxL06) = ( l.r b a o ^ X y  -  yg)
Using th is  re la tio n sh ip  we compute the s u s c e p t ib il i ty  in  Table XVIII 
from the inform ation given in  Table XVII and Section  2b o f th is  
chapter.
Figure 23 shows a p lo t  o f the s u s c e p t ib il i ty  0?^ versus the 
recip roca l o f the absolute temperature. This curve i s  prim arily fo r  
comparison w ith  the s in g le  c r y s ta l data o f Figure 21. The broken l in e
represents a sp in -on ly  Curie law p lo t  w ith g = 2 and S »  5 /2 .
Again, as in  the case o f  the chrome alum p lo t ,  there i s  a sm all 
d isco n tin u ity  a t  the lambda-qaoint. Below the lambda-point the experi­
mental curve i s  smooth. Inasmuch as the magnetic moment of th is  
specimen i s  la r g e , the error, 6 , in  the absolute s u s c e p t ib il i ty  i s  
very sm all in  comparison and may be n eg lected .
Figure 2k i s  a p lo t  o f the rec ip ro ca l o f the s u s c e p t ib i l i t y ,  , 
versus the absolute temperature. Since the previous work shows an 
in flu en ce  o f the c r y s ta ll in e  Stark f i e ld  on the s u s c e p t ib il i ty  in  
th is  temperature reg ion , a Curie-Weiss law w i l l  no doubt b e tte r
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TABLE XVIII 
The S u sc e p tib ility  o f a Powder Sphere 
o f Ferric A cetylacetonate
T 1 CVi 1
T UE55
U.203 °K 0.238 3.97 252.1
3.U75 .288 U.75 210.6
3.079 .325 5 .31 188 .b
2.655 .377 6.08 l6 b .6
2.399 .b l7 6 .66 150.2
2.165 .b62 7.b0 135.2
2.011; •U97 7.89 126.8
1.8U3 •5b3 8.b8 118.0
1.797 .558 8.73 l i b . 5
1.682 .5  95 9.26 108.0
1.50b .665 10.19 98 .1
1.393 .718 10.8b 92.3
1.192 .839 12.31 81.2
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represent the temperature dependent s u s c e p t ib il ity -  We define the
magnetic temperature fo r  our sphere, T ®, by the extrap olation  of
the Curie Weiss law re la tio n sh ip  found below the r l-p o in tj in  the
ca lib ra tio n  region we take T ® = T, the absolute temperature. This
g ives us the re la tion sh ip
1 -  T ® +.2U5
0.0178
I t  i s  convenient to express th is  re la tio n sh ip  in  terms o f the para­
meter y ' fo r  the magnetic cooling  work which fo llo w s . We have then
rn @  .0178  i-. 0 ) i r I ^  1 6 ^ 2 0  q  r-"
T " ~ w  h5 " ( y ’- 2'907 “ °*2^
3 . Adiabatic Dem agietization.
We now wish to in v e st ig a te  the u sefu ln ess o f powdered Ferric  
A cetylacetonate fo r  magnetic coo ling  work.
With the specimen in  contact w ith  the liq u id  helium bath main­
tained a t  approximately Ti s  1.2°K we apply a magnetic f i e ld  H, the 
heat of m agnetization being removed is o  therm ally. The decrease in  
entropy of the e lec tro n ic  spin  system may be represented thermo­
dynamically as
S (0 ,T i) -  S(H,% ) = -  J  H d M
Then the contact between specimen and the liq u id  helium bath i s  
broken by pumping the helium exchange gas out of the specimen chamber 
to  an u ltim ate vacuum of approximately 10“  ^ m.m. of mercury as in d i­
cated by an ion gauge a t  room temperature. The magnetic f i e ld  H i s  
reduced to zero , a d ia b a tica lly , s in ce  the specimen i s  iso la te d . I f
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the f in a l  temperature reached i s  T-p, then s in ce  the process i s  adia­
b a t ic , we have
SCO,^) -  S(H,Ti) s  S (0 ,T i)  -  S (0 ,T f)
We assume th a t we can compute the entropy change a t  the i n i t i a l  tem­
perature Ti from the data given by Hull and Hullj^O th is  i s  a good 
approximation only in  the case of strong magnetic f ie ld s .  In order 
to  make the computation we assume th at a t  the i n i t i a l  temperature 
the iron ion i s  in  a ^ 5 /2  s i^a e^ an<i  th a t the e le c t r ic  f i e l d  does 
not remove the s ix fo ld  degeneracy o f th is  s ta te ;  we assume th at  
g = 2 and j  = -V2 fo r  the Hull and Hull data.
The f in a l  temperature reached on the dsm agnitization i s  measured
@on the magnetic theraiometer s c a le ,  T , as defined in  Section  2c o f  
th is  chapter.
Figure 2$ i s  the ca lib r a tio n  of the electrom agnet and the f i e ld  
H i s  given as a function  o f the magnet current I .  This i s  the f i e ld  
a t  the cen ter  o f the magnet pole p ieces and the f i e ld  H applied  to 
the sp h er ica l specimen.
The experimental r e su lts  o f  s ix  adiabatic demagnetizations are 
given in  Table XIX.
Figure 26 i s  a p lo t  o f S (0 ,T f )/R  versus Tp ® and Figure 27 
i s  a graph o f SVr S ^S(0,Ti) -  S(H,Ti)3/R versus [V if ®]2 
obtained fo r  the various f ie ld  strengths applied .
Figure 28 i s  a p lo t  of \J  R/s" v s . Tf ®.
20 Hull and H ull, J . Chem. Physics 9 , U67 (19U l).
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TABLE XIX
Adiabatic Demagnetization Data on Ferric A cetylacetonate
I n i t ia l
Temperature Magnetic F ie ld
F inal Magnetic 
Temperature
amag.
No.
Carbon 
Thermometer 
. V Ti I H y Tf ®
1 55.36 mv 1.19°K 10.0a 2.35KG 132*83 1.008° .98
2 55.9 1.18 33.5 7.92 21368 0.537 3.1*6
3 57.5 1.18 1*9.5 11.65 22*079 0.2*58 1*.76
1* 57.5 1.17 82.0 18.1*5 26069 0.2*03 6 .15
5 ‘59.9 1.16 190.0 2lu07 2671*1 0.386 6.71
6 62.1* 1.22* 190.0 22*.07 26815 0.385 6 .75
7 60.9 1.15 21.3 5.05 18059 0.700 2.01*
Demag.
No. X
S(H,Ti)
R
! S (0 ,T i) 
R
S (0 ,T f ® )
R S V E
1 0.266 1.709 1.7918 1.709 0.083
2 0.901* 1.109 1.7918 1.109 0.683
3 1.33 0.783 1.7918 0.783 1.009
1* 2.12 0.1*17 1.7918 0.1*17 1.375
5 2.80 0.21*2* 1.7918 0.21*1* 1.51*8
6 2.83 0.238 1.7918 0.238 1.553
7 0.592 1.1*05 1.7918 1.1*05 0.387
The q u a n tity ^ X a  °*m Z  g H/TL ; g ■ 2 ; 3 a 5/ 2 .
3 .1*8
1.22
.99?
.85?
. 80U
.803
1.61
Demagnetizations
m s  50 mh. 
S0 s  1
52 s  L eft
53 a  Up
% s  0 .2  ohms
R2 a (912-872) x  5 ohms
R3 = 720 ohms
See Hull and H ull, J . Chem. Phys. 9 , I1.67 (19l*l).
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It. D iscussion o f the R esu lts.
Inasmuch as the re la tio n sh ip  between the absolute thermodynamic 
temperature T and the magnetic temperature T ® has not been deter­
mined, n a tu ra lly , the d iscu ssion  i s  lim ited  and in  terms of T ®.
As can be seen from Figure 27 fe r r ic  acety lacetonate w i l l  have 
a very large heat capacity  in  the temperature region between .U°K 
and 1°K. In terms of our magnetic temperature parameter T ®, zero 
f i e ld  entropy i s  described, using Figure 28, by
~  S(0,1.2°K ) _ fo r  . 3 8 < T ® ^ . 7 5
We b e liev e  th at a complete thermodynamic in v estig a tio n  i s  ind icated  
by th is  experiment; th is  s a l t  may prove very u se fu l, tec h n ic a lly , as 
the working substance in  a magnetic re fr ig era to r . A very u se fu l 
property i s  th a t there i s  no water of c r y s ta ll iz a t io n  as there i s  in  
the case of iron alum and thus no dehydration would take p la ce .
CHAPTER V
ADIABATIC DEMAGNETIZATION AND SUSCEPTEBILITT MEASUREMENT 
OF A POWDER SPHERE OF CHROMIC ACETYLACETONATE
1 . Specimen Preparation and Mounting.
C rysta llin e  chromic acety laceton ate was f in e ly  powdered and 
then pressed in to  a cy lin d r ic a l p i l l  under a hydraulic press pressure  
of approximately 5000 p . s . i .  The powder d en sity  was determined 
gravim etrica lly  and was found to he the same as c r y s ta ll in e  d en sity ;  
namely, 1.3U gm/cm^.
A sphere was fashioned out of the cy lin d r ic a l p i l l .  The mass 
of the sphere was determined by use of an a n a ly tic a l balance as 
81*6.6 m illigram s.
This sp h er ica l specimen was mounted as shown in  Figure 7 w ith  
the exception th a t a new nylon cup (same arrangement as fo r  the 
fe r r ic  acety laceton ate powder sphere) was fashioned so that the s a l t  
was located  a t  the center of the secondary c o i l  s e c t io n . The spe­
cimen was held in  the nylon cup by len s t is su e  and a ceta te  cement.
2 . S u sc e p t ib ility  Measurement.
In th is  sec tio n  we observe the varia tion  of the bridge parame­
te r s ,  which are described in  Section  l | i  o f Chapter I ,  w ith  the abso­
lu te  temperature as measured by the vapor pressure and carbon r e s is ­
tance thermometers in  the liq u id  helium range. The powder suscep­
t i b i l i t y  w i l l  be computed and i t s  v a r ia tio n  w ith  temperature w i l l  be 
displayed grap h ica lly .
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The observed and computed s u s c e p t ib il i ty  and temperature data 
i s  given in  Thble XX. The re la tio n sh ip  between bridge parameters 
y and y ' was found to  be the same as was reported in  Section  2b of  
Chapter IV; namely, y ' a (1 .03  )y . Since a powder sphere is  used 
the re la tio n sh ip  between s u s c e p t ib il i ty  u n its ,  as defined by Equa­
tion s 12, 13, and 15, becomes
Combining Equations 3h and 35, Section  3a o f Chapter I I I ,  and the 
information given in  Section  1 of th is  chapter we f in d  that the 
rela tion sh ip  between the parameter y  and the s u s c e p t ib il ity  i s  given 
by
The experim ental s u s c e p t ib il i ty  values are shown p lo tted  versus 
the recip rocal of the absolute temperatures in  Figure 29.
3 . The Theoretical S u sc e p t ib il ity .
In Section  lib we computed the s u s c e p t ib il i ty  o f c r y s ta llin e  
chromic acety lacetan ate using the model and work given by Singer. 
Equation hB g ives the value o f X  fo r  an assembly o f ’’m olecules” 
whose trigon a l e le c t r ic  axes make angle 9 w ith the applied measuring 
f ie ld ;  fo r  convenience we r e s ta te  Equation U5 here
2 o Z l -
X
(1.7l*xl06 )V
« ( 0.91 x 10“6 )(y -y?)
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TABLE XX
S u sc e p tib ility  and Temperature Data fo r
Powder Sphere of Chromic A cetylacetonate
Observed Data
Vapor Pressure
Carbon
R esistor
No. PHG p0i l V
1 71*5 mm
2 3lt3
3 202
1* 102
5 63
6 51*1* mm
7 360
8 218
9 177
10 116
11 56
12 1*9 m.v.
13 55
Bridge Parameters
m s 5 mh. m — 50 mh.
r R r R
815.0 20 282 837.0 2
961*. 0 20 27k 990.0 2
li.28.5 50 27k 1*38.8 5
1*83.5 50 27k 1*96.0 5
522.8 50 27k 535.5 5
571*. 0 50 282 588.5 5
607.3 50 282 622.0 5
6U5.0 50 282 661.0 5
661.3 50 282 677.5 5
689.5 50 282 706.5 5
733.0 50 282 750.5 5
820.0 50 282 81*0.0 5
835.5 50 282 856.0 5
During Calibrations
Sq ■ 1
L eft
S3 s  Up
With m = 5 mh.
R]_ s  0 .2  ohms
R2 = (9l*0-93l*) x  5 ohms
R3 » 720 ohms
With m e  50 mh.
Rl *= 0 .2  ohms
R2 = (91*2-937) x  5 ohms
R3 s  720 ohms
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TABLE XX (CONTINUED)
Computed Data
an No. T V t 7
QCi
10-3
1 1*.191°K .238 1627 1.22
2 3.1*75 .288 1921* 1.50
3 3.07k .326 2132 1.69
1* 2.61*9 .378 21*05 1.9U
3 2.1*03 .1*16 2601 2.12
6 2.163 .1*62 2856 2.31*
7 2.008 .1*98 3021 2.1*9
8 1.81*7 .51*3 3209 2.67
9 1.787 .560 3306 2.75
10 1.676 .597 31*1*8 2.88
11 1.508 .661* 3665 3.08
12 1.231* .810 1*100 3.1*7
13 1.190 .81*0 1*178 3.51*
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TABLE XXI
The T h e o re tic a l S u s c e p t ib i l i ty  f o r  a  Powder Sphere
o f Chromic Ac e ty la c  e to n a te
JL Xi
T T i0 ”3
3.87 .258 1.82
3 .55  .282 1.99
3.28 .306 2.1U
3.01; .329 2 .30
2.81; .352 2.1*6
2.66 .376 2.63
2.37 .123 2.91;
2.13 .1*70 3.26
2.02 .U9U 3.UU
1.85 .5U1 3.73
1.77 .56U 3.88
1.70  .588 U.03
1.61; .611 U.18
1.58  .635 1*.3U
1.52 .658 h.k9
1.U7 .682 U.6U
1.1;2 .705 U.78
1.37 .729 h.9k
1.33 .752 5.08
1.29 .775 5.22
1.25  .800 5.37
1.22 .823 5 .51
1.15 .870 5.80
1.09 .917 6 .10
1.01; .961; 6.31*
1.00  1.00  6.55
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In the case of the powder sphere of -this chapter, the e le c tr ic  axes 
may be assumed randomly orientated  and hence we must replace sin^9 
and cos ^ 9 by th e ir  average values
s in  9 a 2/3  and cos^O = V 3
along the applied f ie ld  a x is . The th eo retica l s u s c e p t ib il i ty  fo r  
the powder sphere i s  then given by
“i" ! ^  [ r  + tanh D/kT]
= (1 .89  x  10-3) £ (2 .2 5 ) ( V t) + (1 .76 ) tanh (0 .851 / t) ]  
Table XXI l i s t s  the s u s c e p t ib il i ty  values computed from th is  formula 
fo r  various absolute temperatures and the data i s  p lo tted  in  Figure 
29 where th ee^ erim en ta l values are a lso  displayed.
1*. Adiabatic Demagnetization.
The powder sphere of chromic acety lacetonate was isotherm ally  
magnetized a t  temperature Tj_ and w ith various i n i t i a l  f ie ld s  % . 
Contact w ith the liq u id  helium bath was then broken by pumping the 
exchange gas (helium) out o f the specimen chamberj the exchange gas 
pressure, as ind icated  by an io n iza tio n  gauge a t  room temperature, 
was o f the order of U x  10**^  m.m. of mercury before dem agnetizations. 
The magnetic f ie ld  was then removed a d ia b a tica lly  from the specimen, 
the electromagnet was ro lled  away from the cry o sta t, and the suscep­
t i b i l i t y  was measured. Hie re su lts  o f these experiments are given  
in  Table XXII.
In Figure 30 the s u s c e p t ib il ity  measured a f te r  each ad iabatic  
demagnetization i s  shown p lo tted  ag a in st the ra tio  o f the i n i t i a l
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TABLE XXII
Adi a b a t ic  Dem agnetization Data f o r  Powder Sphere
o f Chromic A cety lacetonate
Observed Data
Demag* No.
I n i t ia l  Conditions
Carbon 
R esistor Magnet
V I
A fter Demagnetization 
m = 5>0So a 1,
R
1
2
3
1*
5
£6 .0  m.v. 
56.6 
57.5  
59.1  
61.7
190.0 a.
180.0
10.5  
1*0.5
80.5
1*33
861*
881
991*
979
10
5
5
5
5
During Demagnetization: m =
S0 a
52 a
53 a 
El a 
Rg a
R3 =
50 mh.
1
L eft
Up
0.2  ohms
(93l*-933) x  5 ohms 
720 ohms
Computed Data
I n i t ia l  Conditions
S u sc e p tib ility  a f te r  
Demagnetization
2mag.
Io. Ti Hi
Hi
Ti y f
JLL  
y  E 1.03
XI
10“3
1 1.19°K 21*. 1 K.G. 20.2 1*318 1*180 3.56
2 1.18 23.8 20.2 1*318 1*180 3 .56
3 1.17 2.1*7 2.02 1*1*03 1*275 3.61*
1* 1.16 9.55 8.21* 1*968 1*870 I*.l8
5 1.15 18.1 15.7 1*692 1*71*0 1*.06
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f i e ld  strength  to the i n i t i a l  temperature (by i n i t i a l  we mean the 
conditions during the isotherm al m agnetization). Also in d icated  on 
th is  diagram are the lim its  o f the s u s c e p t ib il i ty  before the iso th er ­
mal m agnetizations fo r  the temperature range 1.19 to 1.15°K.
5 . D iscussion  o f R esu lts .
The d eviation  of the experim ental s u s c e p t ib il i ty  po in ts from 
the th e o r e tica l points in  Figure 29 i s  much too large and inasmuch 
as the th eo re tica l model contains only the c r y s ta llin e  f ie ld  in te r ­
a c tio n , i t  i s  lo g ic a l  to assume that the d i f f ic u l t y  i s  due to d ip o le -  
d ip o le  and exchange in ter a c tio n s . In Figure 30 we see  that the sus­
c e p t ib i l i t y  passes through a maximum value fo r  a lower temperature 
obtainable by an adiabatic dem agnetization. Ih is maximum o f suscep­
t i b i l i t y  i s  not predicted by the th e o r e tic a l arguments o f Section  3; 
th is  maximum i s  a strong in d ica tion  th at d ip o le -d ip o le  and exchange 
coupling has become important. Since these coupling e f fe c t s  are 
already important in  the liq u id  helium temperature region i t  has n ot  
been p o ss ib le  to  compute the entropy changes associa ted  w ith  the 
magnet coo lin g  c y c le s .
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